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THE RADIO ENGINEER’S STAKE IN OUR FUTURE

Reprinted from Proceedings of the I.R 1.
By Miler McClintock

President, Mutual Broadcasting System

ONE ol the most inspiring elements in broadcasting lies not only in the breath-
/ taking speed with which it has developed but likewise in the fact that the
horizons ahead have no limitation.

The miracle of radio as it stands today is the result of the imagination, skill,
and scientific ability of radio engineeers in all fields of electronics. Upon these en-
gineers, we must continue to depend for the expansion of radio to its full opportunities
and responsibilities in the future.

That which was an unbelievable phenomenon only a few years ago has now
become an actuality. It is a simple commonplace to sav that frequency modulation
and television will be here in great volume in the postwar years. While its full
development cannot yet be foreseen. it needs little discussion among radio engineers.

We are less likely, however, to understand the impact of radio industry upon the
development of other industries and upon the molding of our social and economic life.

Immediately after the war and in the years following, autobiles will return
in full volume. There may be as many as 50,000,000 cars in this country ten years
after peace. The principles are already laid whereby the highways of the future
and the trafic system will largely be under electronic control. Each vehicle will be
equipped with radio signals on its instrument panel telling, among other things,
whether or not cars are coming from blind roadways or drives ahead. Traffic stop
and go signals will be repeated in cars both by light and by sound. Continuous traflic
instructions and directions will be available along each highway for each car. Touring
passengers may enjoy a description of the historical and business significance of
each of the miles of the highway over which they pass. These mechanisms are not
visionary but have been fully field-tested and probably no highway will be built in the
future without complete electronic equipment.

There will be manv electronic controls within cars themselves, such as electric
bumpers preventing collisions and invisible electric tracks to gunide vehicles around
curves and ohsta-les. Passengers in cars will find it possible, at 60 miles per hour,
to call any telephone number in the country. The effects of these developments upon
comfort, safety, and eficiency in highway traflic are bevond calculation.

The application of radio to maritime and aerial navigation opens equally practi-
cal but, none the less, spectacular opportunites. Shipping upon the approaches to and
in great harbors will no longer be foghound. Ships will be guided to their berths
and along their channels with complete security and efliciency. Collisions at sea will
become something of history.

Air liners similarly will descend unseeing in heavy weather to land with safety
on their home runways. But to return to land transportation; radio as developed
todav has all of the elements necessary to make the tragic train disasters of recent
months only a memory. Full and complete radio train control is now available in
s=veral different forms. Encineers will never be without full information as to the
clear track ahead and should they disregard warning control, the train control will
be taken awav from them.

These are only a few of the marvels of radio which will be commonplace things
of tomorrow. If one goes into the laboratories, the factory, the great steel mills, he
only sees todayv the elementary beginnings of electronic controls of scientific processes
and production which will revolutionize many industrial activities.

All of these developments will be superimposed upon the greatly expanding
services and obligations of radio communications {or the entertainment, information.
and culture of our people and of the people of the whole world. In the hands of
the radio engineer lies the opportunity and the capacity to make all of these marvels
the servants of mankind.

Copyvight 19¢4, Institute of Radis Ewnainervs, Inc., 330 West 42nd St., N. Y. C.
(Proceedings of the LR.E., August 1944)
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ACOUSTIC CONSIDERATIONS IN 2-WAY
LOUDSPEAKER COMMUNICATIONS

Reprinted from Communications
By A J. Sunidl

Chief Engineer, Powers Flectronic and Communication Co.. TInc.

HE use of reversible loudspeaker systems for two-way voice communication

provides an improlant advantage over other forms of commnunication, hecause

it is possible 10 signal or carry on a conversation with another person at a consider-

able distance, at which point no equipment is necessary. This is made possible by

loudspeakers that amplify voice and project it in one direction and then permit

pickup by a distant voice with the same units, amplifying the input to a practical
volume in the other direction.

The most practical and economical audible conumunication systems are of the
so-called falk-back type. A talk-hack loudspeaker system is one in which the loud-
speakers are used alternately as sound pickups or microphones; that is, the same
electro-acoustic device is used for a dual purpose, a single amplifier system being
switched so that in talking back, the loudspeaker is transferred from the normal
amplifier output connection to the amplifier input. Although it would seem that such
systems are inherently siniple, and any special considerations of the acoustic problem
involved would not he justified, this supposition finds itsell discarded when we have
to provide transmission and pickup of the human voice, navigational or other signals,
ete., over distances up to one-half mile. Tt is also necessary to give special considera-
tion to very noisy location voice pickups. Examples of this in marine work are eneine
rooms, anchor windlass compartments, open decks during had weather, etc. If the
acoustic components and amplifier of a standard high quality public address or music
distribution system were to be used for such applications, it would be found impos-
sible to obtain the desired results. There are manv good reasons for this, most of
which will be apparent when all the various acoustic factors. both natural and arti-
ficial, are considered.

The first distinguishing requirement of this tvpe ol audio communication sysiem
design, particularly in marine applications, is that maximum speech articulation,
under all the varied conditions encountered, shall be obtained. Not only must speech
be carried for considerable distances over water for communication from ship to
ship. or ship to shore, but the speech must override the various and sundry noises
which occur in ditferent locations throughout the ship. For interior communication,
severe reverberation effects are verv often encountered, such as in enclosed steel
compartments, or on semi-enclosed spaces as embarkation decks and the like. Tn ad.
dition to these limitations, the talk-back loudspeakers, besides being desiened for
optimum results for high level talk-out purposes, must also serve as very eflicient
microphones.

One of the most important characteristics of the talk-back system is the reduction
in frequency bandwidth transmitted, as compared to that in the couventional type
high-quality loudspeaker system. In the first place, low frequencies up to approxi.
mately 400 to 500 cvcles contribute very little to the articulation of speech. This is
shown in curve 1 of Figure 1. We note here the reduction of syllable articulation.
as more and more low frequencies are cut out by means of high-pass filters. In a
like manner, the very hich frequencies can be cut down with very little effect on
the articulation. This is shown in curve 2; high frequencies have heen cut out of a
svstem by variable low-pass filters at lower and lower cut-ofl frequencies. These

Copyright 1944, Bryan Davis Publishing Co.. Inc.. 19 East 47th 5t., N. Y. C.
(Commmnications, June 1944)
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effects discovered by Dr. Harvey Fletcher,l show that with a bandwidth of as little
as 800 cycles to 3500 cycles, only a 10% reduction in articulation is suffered, and

Figure 1. Eftects of elimin-
ating high and low f[requencies.
Low-frequency elimination effect,
below abscissa value, is shown in
curve 1. Effect of eliminating
high frequencies above abscissa

vatue appears in curve 2.
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with a bandwidth of 700 to 2200 cycles a 10% reduction in apparent loudnesss is
only effected.2 This is very important because the slight reductions in articulation
and loudness are more than balanced by the advantages gained in using a relatively

1H. Fletcher, four. Franklin Institute; June 1922.
2H. Fletcher, Speech and Hearing, D. Van Nostrand Co.
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4 The Rapio ExciNesrs” DIGEST OCTOBER

narrow band of frequencies. In the first place, the power efliciency of the system,
particularly in the electro-acoustic devices, increases as the transmitted frequency
bandwidth is decreased. This is particularly important, since the increase in efliciency
between a narrow-band systern and a wide-band system is inversely proportional to
the square of the ratio of the bandwidths, other conditions remaining equal. This is
appavent when designing dynamic systems, and indeed has a sound basis in the
mathematics of dynamical systems.3 This meuns that a loudspeaker, having certain
size and weight limilations, can be designed to produce much greater output for
limited frequency band speech transmission, compared to its output if designed for
high quality reproduction. Less amplilier power is thus required with a resulting
decrease in the size of the amplifier equipment for « given acouslic result. Any
increase such as this in power efficiency reflects itself in a large system in a great
saving in size, weight, and cost of the component parts of the system.

It is common knowledge to engineers in this field that overloading in loudspeaker
systems, with the consequent harmonic generation, results in objectionable reproduc-
tion which, beyond a certain point, reduces the intelligibility considerably. Olson
and Massat have shown that this degradation of fidelity becomes less as the higher
frequencies are cut out. These investigations show that with a high [requency cut-
off of 5,000 cycles, as much as 25% second harmonic can be tolerated before be-
coming objectionable. Average curves, tuken [rom data published, are shown in
Figure 2 to illustrate the degree of overloading with harmonic content, the ordinate of
which can also be considered as a measure of the reduction in intelligibility. It is also
well known that cutting out as much of the low frequencies as possible (which do
not contribute to intelligibility), as close to the input source as possible, greatly
reduces the percentage of harmonics generated in the system. It can be seen that
as the cut-off frequency is lowered, more and more harmonics generated by the addi-
tional low frequencies fall in the reproduced band.

Perhaps an equally important, if not the most important effect of using a min-
imum bandwidth in this type of speech transmission system, is that there is invariably
some source of interfering noise present. Under some conditions this noise is of a
predominately low frequency character, and at other times it is composed chiefly
of higher frequencies. It is generally, although not always, predominant in some
portion of either of these regions. Thus by using the minimum band for speech, a
great deal of interfering noise spectrum is automatically kept out of the system.
Accordingly, additional reduction in harmonic generation is obtained and the
effects of intermodulation of noise and signal, which are vervy often present when
interfering noises are allowed to pass through audio systems, are also reduced.

In cases where there are strong signals such as whistles and the like, particularly
in the low frequency region, a great deal of interference is caused due to the masking
effect described and investigated by Fletcher2. For example, if these tones are allowed
to pass through a system and out of the reproducer without attenuation, in addition to
causing overloading effects in the amplifier system as described above, they will
tend to mask out the other signals or speech in the listener’s ear.

The undesirable reverberation effects referred to before are also greatly reduced
by limiting the frequncy band to just that necessary. When speech is reproduced,
for instance, in a below-deck compartment, some portions of the low frequency
sound occur at the natural resonant periods of the compartment. These frequencies
are not only over accentuated, but the hangover effects due to long reverberation
time are increased to such an extent that the intelligibility of speech is seriously
reduced. Similar effects are encountered in talking-back over the system from the
same location.

Not only is it of great importance to restrict the frequency band. but it is desirable

3Wente and Thuras, fournal of the Accoustical Soctety of America; July, 1931

10lson and Massa, Applied Acoustics, p. 165, The Blakiston Co.
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that the overall response have an increase in amplification with increasing frequency.
Wegal and Fletcher? found that the maximum ear sensitivity occurs in the region
of 3,000 cycles, so that it is importan! to have a rising amplification up to this
frequencyv at least (Figure 3.). Measurements show that the speech power in the
voice drops off from 1,000 cycles as the (requency rises, the vowel sounds huving
the grealest power are in the region of 1,000 cycles, the voice consonants with less
power are in the 2,000-cvcles region, and the unvoiced consonants with the least power
in the higher frequencies appear from 3.000 to 5,000 cycles.

It should therefore be desirable, and this is proved in actual practice, to have
the frequency response coutinue to rise, preferablv to at least 3,000 cycles. The
degree of rise varies with the application, the design of loudspeakers, amplifiers,
and microphones, and the minimum quality requirements if any, but the rise should
be between 6 db and 10 db per octave. These values have been verified in surveys
made by the writer wilh acoustic equipment of known characteristics and amplifiers
equipped with calibrated networks. permitling adjustment of the response in hoth
directions of transmission until optimum results were ohlained.

As the conventional radio or public-address type loudspeaker is not suitable
for eflicient talk-hack, one of the greatest problems in building up a successful talk.
back svstem is oblaining speaker-microphones that will have the proper response in
both directions of transmission. The fundamental theory of loudspeaker and micro-
phone design shows that the mechanical requirements of the moving systems of a
loudspeaker and of a microphone respectively, are contlicting. The power require-
menls of the lwo are also vastly different. In the loudspeaker the physical masses, etc.,
are much greater and as a result, the mass reactance at the higher frequencies tends
to produce a considerable loss. However, both the normal inerease of acoustic
pressure with frequency on the axis of the loudspeaker, due to the sharpening of
the directivity charactevistic from a source whose size is greater than the waveleneth
of sound radiated. and the hreak-up of the driven diaphraem so that its efective
mass is less at the high frequencies, tend to compensate for this loss. The loudspeaker
designer endeavors to take as great advantage as possibile of these compensating
factors. 1o effect a uniform axial pressure output.

Fignre 4. average response of
unit as a loudspeaker and ralk-
bucl microphone: 1, response of
speaker as reproducer: 2, re-
sponse of speaker as microphone;
la, modification of overall talk-
out response by low frequency
equalization: 2a, form of over-
all  rall-back  response  after
equalization.
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When, however, the loudspeaker is used as a microphone, these compensating
effects are not present; hence, the output falls with frequency. There is, for example,
no appreciable reduction of mass reactance due to break-up of the vibrating system
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6 THE Rapio ENGINEERS’ DIGEST OCTOBER

hecause the system is not being driven as in the case of the loudspeaker. The whole
vibrating system tends to act as a piston with a considerable mass and the resulting
speech intelligibility is quite poor. By proper balance of the design conslants of
both the vibrating system and of the radiating device (horn) the requirements as a
microphone are more nearly met than in a conventional loudspeaker. Various sizes
of loudspeukers designed and tested by the writer for use in marine talk-back
communication systems have confirmed these design principles. The averuge response
of a typical unit both as a loudspeaker and as a talk-back microphone are shown in
Figure 4. In using a talk-back loudspeaker of this tvpe in a practical system, a
regular microphone is used at the command locations (such as in the wheel-house)
to drive the amplifier, and the loudspeaker is automatically connected to the amplifier
output. The microphone may have a reasonably flat or slightly rising frequency
response characteristic in the range of 500 to 4,000 cycles, but frequencies below

100——
wn
—
Figure 5, response of receiving ‘; sof—
speaker. O
(Y]
o 50}
!
| | [ | | I
1 1 1 e d JA | I . |
S 8§ 2838 8 2 8838
4 +« 2 3¢ 1 e 9 9o
~ < ¢ © O
[ RECEIVING SPEAKER
TALK-OUT e
MICROPHONE sty TALK -BACK
el Bt SPEAKER
MAY BE IN I@Vol Con’r% | NO 1
ONE CONTROL~ = 2
| CA_BINEI,/_ S j Reversmg‘ o TALK-BACK
(T Talk-Out } Relaysand | T $ SPEAKERS
i Equalizer Delay Control 22
StationzGroup ueg =
Vol Control — , . . .
ConfrolKeysz | | (5 > LV»TAmpM.er | Figure 6. typical marine loud
Signal Lights N ouT i speaker system.
—_— L : | TO NON
g L U, e Dl - TALK-8ACK
115V60 ~A-C POWER (EieUr
AE/R-F Filters IF REQ'D
I CR—
D-C /A-C -
I Conv/erfer SHIPS 110 08 220 D-C

500 cycles are largely eliminated either by the design of the microphone or by
equalizer circuits well forward in the amplifier. Otherwise the low frequencies will
overload the amplifier stages. Under these conditions, the overall response for
talk-out is as shown in the loudspeaker curve of Figure 4, assuming the amplified
response is also flat. It might bhe thought that it would be suflicient to have
the amplifier response rising with frequency, but it is far preferable to have it
designed into the loudspeaker so that the amplifier is not required to produce an
appreciable amount of additional power at the higher frequencies.

When the speaker is switched to the talk-back connection, the loudspeaker now
functions as a microphone since it is connected to the amplifier input. A small receiving
reproducer located al the command position is connected at the same lime to the
amplifier output so that the person at this location can hear the answers coming
through from the outside talk-back loudspeaker. The response of this loudspeaker

WWW.americanradiohistorv.com
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as a microphone, ligure 4, does not over-accentuate the low frequencies as much
as would a conventional loudspeaker used as a microphone. It is still, however,
verv desirable to cut out a great proportion of the low frequencies helow 400 or
500 cvcles.

The receiving reproducer’s characteristics are shown in Figure 5. This further
reduces the undesirable low frequency reproduction and boosts the con-
sonant region up to 3,000 cycles. It has been shown in practice that it is
desirable in the receiving reproducer to further attenuate, gradually, frequencies
helow 2,000 cycles at the rate of about 6dh per octave. to make up for the preponder-
ance of these frequencies in the characteristic of the outside talk-back speaker. This
can be seen from its response as a microphone. We can accomplish this in the
input or low level circuits of the amplifier, and by suitable equalizers; these equal-
izers, of course, being switched in automatically in the correct position for either
the talk-out or the talk-back condition. A block diagram of a system incorporating
these features appears in Figure 6. The system is designed to give the over-all
response. frequency attenuation, equalization, etc., in accordance with the require-
ments described. Other features of the amplifier and the design of the relay circuits
used for switching the acoustic apparatus to the input or to the output as required,
are specially designed for systems of this type to avoid noise, oscillation, acoustic
clicks, etc., which a conventional public-address system would produce if it were
used for this kind of a talk-back loudspeaker communication system.

Finally, the results obtained with a talk-back system depend upon the manner
in which it is installed, particularly in regard to the proper location of the talk-back
reproducers. In actual operation many factors affect the results. such as the sur-
rounding noise level which may be due to a variety of causes, either on shipboard
or in the vicinity adjacent to the ship. Refraction and diffraction effects also affect
the pickup of speech and sounds outhoard.
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Another useful property of talk-back loudspeaker svstems is that of determining
the direction of sounds and voices. This can be done quite well by using loudspeakers
with good directivity characteristics, such as the one shown on the polar distribution
curve, Figure 7, and mounting them in movable searchlight stands to permit easy
orientation. It is possible by proper design of the loudspeaker horns to make them
exceptionally directional. When greater directivity is required, a large mouth
diameter compared with the wavelength of the lowest frequency to be picked up, is
necessary. or reproducers with annular radiating horns mav he used.

In many of the applications, the talk-back pickup is considered even more
important than the ability to project the voice adequately. as that is the only method
by which the human voice can be transmitted over comparatively large distances
without the necessity of the talker being equipped with some kind of apparatus. Talk-
back pickup naturally varies a great deal with the atmospheric and noise conditions
encountered, but with properly designed equipment it affords a considerable ad-
vantage over that obtained with the human ear alone.
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STAGE-BY-STAGE TESTS
Reprinted from Radio-Craft
By Jack King
Your Signal Generator Will Help You Find Hidden Troubles

E signal generator is a useful tool. [t can he employed for other purposes

hesides alignment of « receiver. In stage-by-stage testing it permits in many
cases rapid diagnosis of the trouble. In I'ig. 1 the diagram of a typical radio receiver
is shown. Lel’s use the stage by stage technique in trouble shooting in this set.

First, by using the audio modulation signal of 400 cycles per second, we can
lest the audio section. We may counecl two “leads from the audio tip jacks on the
generalor lo the two outside terminals of the volume control (R-26 in Fig. 1), with
the receiver’s volume control set at minimum. Now, il gain is brought up l»y advancing
the control, the audio nole should be heard. If it is loud and clear we know the audio
sluges are worl\mg properly. If the note is not heard the generator prods can be
shllled to the grid of the 6K5 and ground. Should the signal now be heard, we
might look for an open in comlenser 28.

Let’s assume that no signal was heard with the generator connecied to the 6K5
grid and ground but thalt a signal does get lhrou"h with the generator connected
to the 6F6 rrrld and ground. We would suspect an open in C-34, or p0~=51bly some de-
fect in the OK5 slage, such us a bad 0K3, an open in its grid or plate circuit, or pos-
sibly a short circuit from grid to ground.

All of these conditions would be possibilities. In finding the trouble we would
eliminate, in a step by step process of reasoning and testing, all of the possible
causes of the trouble. I'or example, whether C 34 is open or nol can readily be
determined by shunting a new condenser across it and observing the results. Whether
there is a short from frrld to ground can be determined by inspecting the wiring

2~n DC 1

RED BLK GND 15717 TRANS. IF 28010 Taans 1sr AUDIO A
12md 6.15&‘. 6K 5C 676G
mare it -
0 e o ® g
Rasete , 1 » ¥
2 i B H 3
: g:
 |EE3EE : ® £
AY Se e
= 1 I 1
< = s i
g o b=
<. e F
g ® :
AS E
{ l
N s l
RawEe « §
S< o @
2 e Ux
swircn Soan raow acan o L
:n.ss.s (BOTTOM YILWISNOWN T
S1TI0N Mot (BROADCAST.) | 1.0 MG <
(:E 1 | E
:'f °[ L @, a0on l it ,
: T Snrs d .
‘I‘ g scc
g 255
= .

=y

x
( YanT RaNGE T (Dant mance

3
-

:
CRIEN-WRITL-TR
=
e
@

l 1LF: 470 KC. usStD M =m0DEL 1873 Omev

8x

(:)esc mance 3 (: o3¢ nance 3

Fig. 1. The Philco 387 38-8 and 389, « typicul radio receiver shown here to demonsirate the
rechmque of stage by-stage testing.

Copyright 1944, Radcraft Publications, Inc., 25 West Broadway, N. Y. C.
(Radio-Craft, Augu:t 1944)
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STAGE-BY-Stacr Tests 9

and by using an ohmmeter. By indicating the defective stage or section of the set,
the generalor technique speeds up the work and you don’t need to test every circuit
with the volt-ohmmeter.

But suppose even the grid-ground connection in the 6F6 stage does not produce
an audible response in the loud-speaker, what then? We may look for trouble in the
0F0, in the part of the 616 stage, or possibly in the loud-speaker. Shifting the gener-
ator connection 1o the plale and ground in the 6F6 stage will show whether the
speaker is working. If we hear a signal now, we know that the irouble lies between
the OF6 grid and the 6F6 plate. The lack of gain might be due to an open in the 616
grid circuit, a short from grid to ground, a weak emission 6F0 or possibly lower
than normal heater, plate and screen voltages. A voltage test would quickly show
the conditions in the OF6 stage.

Because vollage measurements generally show the nature of the trouble
quickly the signal generator technique is usnallv used only when there is some
obscure or difficult condition to trace, such as distortion. However, the signal need
not, necessarily, be furnished by a serviceman’s signal generator. In a sense, a
record plaver of the crystal pickup type is a generator, and such a record player
is a handy thing to have around when checking for volume and distortion. The
output of the record player can be fed to the two end terminals of the volume
control (R-20) in a set such as this one, to provide an audio signal for checking
purposes. I it is found that no distortion is heard when this is dene, the trouble
definitely is localized in some stage ahead of the audio input stage, which is a very
useful bit of information to have.

The distortion is shown up in many cases by a changing of the note of the
audio generator signal. It is somewhat easier to detect a change in a single frequency
note than it is to detect a change in a composile signal such as the musical output
signal of a record player or the music and voice modulated signal of a radio station.
Therefore, we can check readily by shifting the generator connection along from grid
to ground on each staze, being sure to use a blocking condenser to prevent disturbing
any D.C. circuits. Unless the generator has larger than usual output, it may be found
somewhat difficuli to test the detector circuit by feading in a signal to the plate and
ground of the 6K7 LF. stage. In manv cases a weak signal will come through.
Then, shifting the connection of the generator to the grid of the 6K7, a much louder
signal shonld be heard. indicating the 6K7 is contribuling 1o the gain of the receiver.
The receiver’s volume control should be at maxiinum when making these tests.
Next the generator is connected to the grid of the 6A8, with the receiver dial set
at 550 Ke. and the generator dial set at the 1.F. The receiver circuit is disturbed
by the addition of the test cable and the shunt impedance of the generator, bul
practical servicemen find such objections inconsequential and use the tests every
dav in their work.

Suppose the L. signal gets through from the 6A8 grid 1o the loud-speaker and
yet the radio does not pick stations as the dial is tunad over the band. This defect
points most probably to oscillator failure. There is a simple way of checking the
oscillator. Set the service generator for unmodulated output, couple it looszly to the
grid of the mixer by attaching the generator cable clip to the insulated grid wire
(no direct conuection). Then advance the generator oulput control or attennator
to about half-scale. The receiver dial may be set at about 1000 Ke., volume advanced
to maximum. The generater dial is then tuned from about 1000 to 2000 and if a
number of stations are heard it is clear the recciver’s oscillator circuit is not working.
Beat notes will be heard if the receiver’'s oscillator is working. Another wayv of
checking the receiver oscillator is to connect a high resistunce voltmeter between
the oscillator grid and the cathode, the negative terminal of the meter going to the
grid, the positive to the cathode. If a reading is obtained with the instrument set
on the 0-10 volt range, the oscillator is working. If a reading is not obtained, or a
reverse reading is given. the oscillator is not working and should be checked. There
may be an open oscillator coil, shorted oscillator tuning condenser, or a lack of
anode and filament voltage on the oscillator causing the trouble.
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USING CATHODE COUPLING
Reprinted from Electronic Industries
By W Muller

Useful applications of cathode follower systems at low
and high frequencies. Basic circuit characteristics.

MONG the large variety of tube circuits that are dailv employed to carry out all

sorts of jobs the “cathode follower cireuit”™ seems to be sort of a stepchild
among the greater part of electronic workers. In general while a few radio en-
gineers and laboratory men seem to have recognized the value of cathode follower
circuits and their applications. many others never have become fully aware of their
features. The cathode follower is & most useful circuit in these times when parts
are at.a premium.

Primarily a cathode follower is nothing else but a circuit using a grid-controlled
vacuum tube (any type) where the signal impressed on the grid is picked up
across the cathode-to-ground impedance instead of from plate to ground as is
customary (see Fig. 1). Its features which are advantageous include the matching
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coupled output stuge. Input sig- | .88, 1 1 > |
nal applied across Ry. C1 has low | T g -
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power svstem using transfurnwrs '—r'\ ‘ / §°—| o
in Fig. 2. In Fig. 3, a cathode | ‘;i €, D _L__" | -
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pedance output transformer for % = ! ¥ J , % =
emergency service. l g
1 i L L =3
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of loads to a tube in a manner not possible with other connections: First: Easier
matching to low impedance circuits. Second: Phase shift is largely =liminated. Third:
I'requency distortion and discrimination are reduced to a minimum. Fourth: It
can be used at all audio and radio (including ultra-high) frequencies. Perhaps

Coparight 1943, Coldwedl-Clements Inc., 480 Lexington A<c., N. ¥

. C.
(Electronic Industrice, August 1944)
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Usine Cartnone CourLing 11

there are some other advantages, but the aforementioned are the most obvious.

The disadvantages are as follows: First: No voltage amplification results. That is,
the theoretical energy transfer is unity, bnt in practice is slightly less (usually about
90 per cent of input signal). Second: Th> tube selected must be able to handle
maximum signal at input, which in some applicalions might be almost any liv
Third: The output signal is in phase with inpul signal, which might be objectionab'e
in some cases. Fourth: Since there is no gain, but a slight loss, this might mean
that additional amplification would be required. Certain other disadvantages are
not listed since they have little bearing on the following.

Referring back to the first advantage, namely easier matching of loads at
low impedances, assume the conditions in I'ig. 2. where a microphone or phototube
preamplifier is to be matched into a 600-0ohm line. Generally we use a preamplifies-
to-line outpul transformer tq do this, that is, the primary of the transformer is
fed from the final tnbe in the preamplificr and the signal appearing across this
primary usually is stepped down to match the desived secondary impedance of
600 ohms. On th> other end of the line we have another transformer, usually
step-up, that feeds the grid of the next amplifier, whatever this amplifier might
be. This operation calls for two line-matching transformers, and if the insta'lation
is high qualitv. the transformers have to be the best. To apply cathode follower
circuits to this application to eliminate the need for the transformers, first ascertain
the operating level of the signal that would be normally delivered to the primary
of the line output transformer. Then select a tube whose hias is large enough ro
cover the maximum excursions of the incoming signal, and connect as per Fig. 3,
and tap the cathode vesistor at a point equal to the desired line impedance of 600
ohms. The gain of the next unit is then raised slightly so as to conpensate for the
loss incurred in the cathode follower. Since line levels for preamplifier circuits are
low, no real problem will he experiencad. Another point ix that the grid input
of the following cireuit can be worked directlv from the line. that is, high impedance
input with no detrimental effects.

If the tube nsed happens to be a 6C5 then the impedances in the outpul load
impedance can be varied from 1 to 2000 ohms, with any intermediate step, that
might be desirable as in Fig. 4. Distortion and frequency diserimination will be

INPUT

Fig. 4. Circuit jor low jrequency applications. Plate to ground cupacitor cun be several mid.
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nil. Here a simple tube replaces a hard-to-get transtormer.

This example covers one instance of the application. The next example will
cover line matching where a number of points are to be supplied with signal energy
as in the case of test positions in a radio sel {actory. The problem liere is to feed
a number of test positions with a 450 ke signal, as in Fig. 5. Here again the procedure
is stmilar to the first problem. The rﬂqun(d test voltage seldom runs over 3 volts.
The line used will he coax. The master generator is terminated into the line either
induetively or through a cathode follower. By taping the cathode resistor as needed,
the coaxial cable can be easily matched, terminating the far end mto a fixed
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Fig. 5. RF test signal distribution system using cathode followers to tule signal from coaxial line.
Tubes at each test position produce negligible loading of line, give low impedance output.

resistance. All test point positions have a cathode follower whose grid is fed directly
from the line (high impedance input) and whose output can have a readily con-
structed oulput attenualor of the resistive type. Attenuation will be smooth and
easily accomplished. No other forms of matching will be needed.

If the level on a line or output of a device runs as high as 100 or 200 volts,
the only rule to he observed is to provide a cathode follower tube, whos bias is
as large or larger than the maximum signal encountered. When cathode follower
tubes are used at high frequencies it is advisable to by-pass the plate circuits
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adequately as shown in Fig. 6. A plate isolation resistor can also be used to ad-
vantage especially where circuit interactions are experienced through the power

supply.

The circuits shown are hasic and small variations might have to be added in
some instances ol application.

Where it is desired to obtain grealer power ontput several tubes can be oper-
ated in parallel. The only additional factor will be the total grid input capacitances
of all the tubes in parallel which will be additive, hut on the whole will not be
detrimental in most cases.

FIG.6

|

INPUT

C, * IMSTALLEO CLOSE TO SOCKET
Cp s. CAN BE AT A RENOTE POINT

R « ISODLATION RESISTOR

Fig. 6. Additional by-pass Capacitor C( of mica type is added for high frequency use.

The gain obtained, as mentioned is slightly less than unity. Refering to Iig. 1
the formula to be used is

uRz
G =
" Rp+R2(u+li
Where
p = amplification of tube
R, = Cathode resistor in ohms
Rp = Plate resistance

The apparent output impedance 7, Fig. 1 is

BT Ry R, I )

By proper application verv low effective output impedance can be derived.

No doubt any number of other uses will suggest themselves and it is possible
that many circuits will present themselves where the use of the “cathode follower”
circuit will be of decided advantage in eliminating cumbersome matching difficulties.
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H-F CRYSTAL OSCILLATOR CIRCUITS

Reprinted from Radio
By Joseph 1. Aunlage

Engineer, North American Philips Co.

An analysts of high-frequency crystal oscillator circuits is given.
A special circwit for high harmonic operation is discussed.

T MAY BE said, in general, that the high {requencies have lacked in large measure

the benelit of good fraquency stability as compared to the lower frequencies under
approximately  ten inegacycles where crystal control has heen usefully applied.
Whether this stability was needed from the transmitter source or for the control
of the receiver circuits, crystal control hetween ten and fifteen megacycles has
been the useful fringe for the fundamental tvpe of oscillator crystal.

When crystal control is thought of for use at frequencies up to one hundred
megacycles and over, multiplier stages and buffer amplifiers must be used for the
accomplishment of the higher frequency crystal stability desired. 1t would be an ad-
vantage to be able to obtain a source of crystal-controlled high frequency voltage
without the use of additional, and costlv, auxiliary intermediate stages.

INTERFERENCE

In the future, this reduction in the number of radio-frequency multiplications
generated for a given frequency multiple desired will be necessary for the elimination
of spurious interference to received signals. For example, the use of pretuned chan-
nels in f-m and television recciving equipment will be most convenient and, with
the wider band widths employed in this type of service, it may be very troublesome
to have harmonics of the base oscillator interfere with a portion of the higher f-m
and, especially, tolevision carriers,

This thinking, of course, assumes that conventional crystal oscillator eircuits
and crystal plates are used for this purpose. It is logical 1o assume that the avail-
ability and economic structure of the production of erystal plates will allow the
full consideration of equipment designed for their advantages. In any event, as
the services are extended to the higher frequencies, the possibility of continuing
to utilize standard self-excited oscillators does not yield the frequency stability
requirement so important in the assigniient and allocation of the additional services
to be accommodated as time goes on.

Crystal oscillator circuits are usually considered rather straightforward items
in design and not unusual or difficult propositions. And so they may be for the
equipment and frequencies normally encountered in past experiences. However,
certain fundamental problems must be considered for the use of crystals in circuits
of higher frequencies. The chief differences are found in the method and manner
of vibration of the crystal to le used in high-frequency control. At the same time it
may be expected that the oscillator circuit itself will be modified to more suitably
satisfv the reactances found at the higher frequencies.

CIRCUIT ANALYSIS

Fig. | illustrates a familiar ervstal oscillator circuit in which the plate cireuit
elements LI and CI are arranged to vary the tuning of the fundamental frequency
of the crystal element. Fig. 2 illustrates the impedance network formed by the
values associated in Fig. I where

Z,tar is the effective impedance of the crystal at its resonant frequency.

Copyright 1944, Radio Magazines, Inc., 342 Madison Ave., N. Y. C.
(Radio, August 1914)
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H-I' CrystaL OscicLator Circuits 15

Ege s the radio frequency voltage measured between the grid and cathode.

Zye  represents the impedance of the circuit between the grid and cathode, con-
sisting of the inter-electrode capacity and cireuit wiring. It should be
noted that the impedance of the crystal is shown separately although it
may be included with this value.

Zy  represents the grid-to-plate impedance.

Zye s a measure of the plate-to-cathode impedance.

R, is the plate resistance of the tube.

The cireuit shown is to be considered as operaling in the class A region as an
oscillator with E,; and pk,, essentially 180 degrees out of phase. As the value of

Zyrar
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Fig. 1. Tuned plate crystal Fig. 2. lmpedance network of tuned plate crystal oscillutor.
oscillator.

Clis altered in Fig. [ a region will be approached where an inductive plate load
will be presented to the resonant frequency of the oscillator grid civeuit and may
start oscillation in the crystal shown in the circuit. The impedance Zye will be
relatively low compared to the value to be found associated with Ze

The current /,. will be found to lag uF,, and F,; will be equal 1o uE,. minus

R, 1.

It can be seen that
Epc = k!/«‘ + L])l}
sy [ Em=1Z 0,

and I, =1,.2,. = F,

When the plate circuit reactance is inductive, in this case 70, and in the
circuit shown, the coupling impedance Z,, is capacitive, Z,, will hecome a negative
reactance and the effective resistance of the circuit looking from the ervslal impedance
will permit sustained oscillations to ocveur, provided the eircuit parameters are so
adjusted as to allow the proper phase relationship between E,, and I,c to be
maintained.

At this point the crystal will assume control of the grid voltage and continue
to vibrale alternately at the electromechanical frequency it has been designed for.
The major electrical the dielectric capacity of the plate as well as the direct piezo-
electric eflect. The mechanical svstem. consisting of a discrete mass and stiffness,
is electrically analogous 1o the inductance and capacity.

These are the useful crystal characteristics apart from the electrical equiv-
alent conditions mentioned. This mechanical medium is coupled to the phase re-
quirement of the oscillator proper through the piezo-electric coupling vollage
generated by the potential supplied by the circuit. The value of this piezo-electric
woltage in the circuit depends, in general, upon the method of mounting and
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exciting the cristal. Other variations, such as size and quality of the crystal and
degree of skill used in the final adjustments, have a direct effect upon the worth of
the crystal plale for high-frequency operation.

% Alc} ‘ |
%c‘ %%

Fig. 3. Crystal equivalent Fig. 4. Reactance of tuned circuit.
network

In Fig. 3, the piezo-electric coupling coefficient can be determined by the ratio
of capacities given by

C3

2=
Cl + C2

As the value of P diminishes the resonant frequency Fr and the anti-resouant
frequency Fa will diminish in frequency separation also. See Fig. 4. This results
in a smaller positive reactance region which will in turn limit the amplitude of the
developed oscillalor voltage.

EQUIVALENT CIRCUIT VALUES

In order 1o work intelligently with impedance values of the crystal element,
a determination of the equivalent electrical values is in order. Equivalent circuit
value measirements for a quartz crvstal may be obtained by carefully following
procedures of substituting values of known order in place of the crystal equivalent
quantities. These elecirical constants may b applied to the circuil analvsiz and
permit a precise degree of planning for the design of crystal osc illator circuits. This
will result in knowledse of the circulaling erystal currents and the equivalent
resonant frequency thal will be obtained when a crystal of known electrical constants
is used in the circuit.

The crystal manufacturer should be able to supply the equivalent circuit con-
stants of his various units and thereby provide a set of values that are more easily
coordinated with the equipment in which it must be used. This procedure will be
ideal for matching exact frequency calibrations hetween circuils used at different
locations and where carefully adjusted matched frequencies are required.

MEASUREMENTS

For such measurements to mean much, the effects of crystul holders and associ-
ated mountings must be kept very uniform or variations of this type must he
held to a minimum. The measurements can be obtained through the use of a
variable radio-frequency energizing source from which the crystal nder test
is excited. The resonant frequency of the crystal is observed hy checking the maxi-
mum deflection of a suitably connected vacuum tube volt meter, used with a macthing
network as an indicating source of the resonant regions of the erystal plate. See
Fig. 5.

The frequency of the crystal is measured and the vacuum tube voltmeter readings
noted. The matching network may require a degree of adjustment depending upon
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1944 H-F Crystal OsciLLaTor CIRCUITS 17

the frequency of the crystal being measured as well as the type of associated comn-
ponents used in the crvstal housing. A non-inductive variable resistance is substituted
for the crystal at this point and adjusted to give the same vacuum tube voltmeter
reading al the output of the network that exisied with the crystal in the circuit.
The measure of resistance obtained will be equivalent to the value RJ in Fig. 3,
representing the equivalent circuit of a normally mounled «uartz plate.

OUTPUT

INPUT

AF
R.F. ~ V..M,
SCURCE 4

XTAL

AMARAAARAAAL AR
FEYYYYYYYYY VY

Fig. 5. Circuit for determining equivalent crystal values.

With the crystal replaced in the meusuring circuit, a curve is now plotted of
the exciting voliage value against frequency. The output voltage is maintained
constant during these measurments. This measurement must be accurately plotted
and preferably extend uniformly below and above the parallel and series resonance
points. At this point, a known value of fixed capacity is substitued for the cryslal
in series with a value of resistance equal to R1 just measured. With this combin-
ation in the circuit the input excilalion is adjusted until the output measurement
of the vacuum tube voltmeter is the same value as that previously obtained with
the crystal in position. From the curve obtained of input measuremenis versus
frequency, a value of {requency is found al which the crystal reactance is equal
to that of the substituted capacilor.

It is now possible to compute the equivalent circuit inductance of the crystal
network. This is found from the following:

6Xc

Where Xc is the reactance of the substituted capacity at the measuring frequency,
and F is the [requency increment as measured from the series resonant {requency Fr.

The crvstal equivalent series capacity CI is found from the formula

1Y

Cl=
(2=Fr) 2L

The crystal shunt capacity C3 in series with the airgap capacity of the electrodes of
the crystal unit are shunted acvoss the equivalent crystal network. The crystal
reactance will have a value given according to the following:

Xe=4= AN F L

From the foregoing brief analysis of the functioning of a quartz plate capable
of exhibiting a positive reactance necessary for the control of an oscillator circuit,
this set of affairs becomes most important in the high-frequency harmonic type
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of crystal and circuit.
CRYSTAL “Q~

The ability of the crystal to perform this function efliciently is generally re-
ferred to as the Q of the quartz plate. This may be computed from the following:

1
2z Fr C1 Rl
It has been shown by previous investigation (1) that it hecomes increasingly difficult
to excite the higher harmonic vibrations where a positive reactance of sufficient order
is required to have the crystal assume control of the circuit. The limits involved
may be shown as
P 1

2 ¢

As explained the ratio of capacities found in the grid circuit divided by two
must be greater in numerical value than the inverse auantity of the Q. In order
to counteract the effect of the static shunt capacity C3 across the crystal itself,
which adverselv affects the positive reactance desired, a diflerent method of

I ADJUSTED
Al s 0

DESIRED
CRYSTAL

/

%]
2 | XTAL,

i

Fig. 6. Simple form of bridge oscillator circuir

connecting the crystal to the oscillator circuit is resorted to. See Fig. 6. A
balanced network with equal impedances in the various branches, calculated against

the crystal with its associated reactions, is the impedance lalance required to
reduce the shunting eflect of C3.

With the effect of this value of capacity removed through a static balance
of the capacities of the circuit, a positive crystal reactance may be obtained by
careful adjustment of the oscillator circuit. At best, the value of €3 is always the
value of the associated shunt capacily, to a larger or smaller degree. depending
upon the mounting characteristics of the crystal unit. Tts reactance becomes in
creasingly less as the order of mechanical crvstal harmonic increases.
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It is at once apparent that in order to be able to use, for example, the fifteenth
harmonic of a six-megaeycle erystal plate it is necessary that the reactance of the
components associated with the ervstal be of an order that will permit the crystal
to provide the necessary amount ol conirol reactunce. To perform this function,
a cryvstal must be prepared with great care in the final grinding stages. The plane
parallel surfaces must conform to a symmetry and polish that is unusually perfect
in view ol past technique.

Fig. 5 is a simple schematic diagram of a form of high-frequency Dbridge
oscillator circuit. Its adjustment is critical although relatively simple with an active
crystal. L1 and CI are designed to resonate the fundamental frequency or the
odd nuiltiple {requencies of a thickness mode oscillator crvstal. The voltage tap
mav bc adjusted to the best position of balance determined by experiment and

IEM——BALANCING
ll CAPACITANCES
Cegt ==l
i g ¥ "
1 | 7
di | 2 R
el o ——
7Te. S
o ’ Ci ! £2
b
< | l ‘
= __'
= %
i [
i1 |
I
O+
Lt C¢ | To resonate to the L.y~ Feedback coupling coil.
L Cg desired crystal hermonic, Ce — Equal 4o crystal shunt
reactance,

Fig. 7. Bridge circuir for high harmonic excitation. The balanceing capacitics
and the €4 are low velues of capucitance;, for best performance, under 5 to
10 puf.

depending upon the physical construction of the oscillator circuit. For high frequency
nse it is just as important to follow compact design in the oscillator stage as would
be considered for amplilier stages at these frequencies.

€3, in parallel with the plate and grid interelectrode and connected capacitances,
is made adjustable so that this part of the circuit may be balanced against the
erystal and holder reactances removed from resonance.

With the circuit in a balanced condition, no feedback is permitted until the
tuned circuil is brought near the resonant frequency of the crystal. A disturbance
of the balance through the introduction of a feedback woltage is possible at the
sharply resonant frequency of the ervystal.

CRYSTAL CIRCUIT FOR HIGIHT HARMONIC OPERATION

In Fie. 7 an oscillator circuit is shown, as disclosed previously,” which is
& ’ !

capable of driving a crvstal at a high harmonic of its fundamental frequency.

The necessarv phase shift is introduced by the indnetance arrangement and the
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resonant circuits are tuned so that their anti-resonant frequencies coincide with
the resonant harmonic of the crysial. This is the condition for maximum output
and stabilization against voltage changes.

In operation, the condenser halancing the crystal is turned off its balancing
value and the cirenit is allowed to oscillate uncontrolled by the crvstal. The grid and
plate tuned circuits are next adjusted until maximum output resulls near the
desired crvstal frequency. The halancing condenser is then adjusted toward balance
and the oscillation will usually stop.

The grid and plate capacities are then tuned to the crystal frequency and the
oscillator will then oscillate and be controlled by the crystal only.

The temperature coefficient characteristics of crystals operated at their high
harmonics have drilt percentages divecily related to the rate of change for frequency
with temperature of the fundamental frequency of the crvstal. For example, at
ten megacycles, if a drift of two cycles per megacycle for a single degree centigrade
is assumed, a total drift of twenty cycles would be obtained. I, at the (fth
harmonic or fifty meguacycles, a measurement under the same conditions was made
a total drift of one hundred cycles would result.

Frequency stabilities much better than the above mentioned are very possible
as well as r-f output somewhat above one hundred megacycles, from the oscillator
stage alone. Tubes such as the 952 acorn pentode may be used in the circuitof Fig. 7,
or other beam power tubes capable of more oulput and comparing favorahly in
electrical efliciency al these frequencies.

*Patent No. 2,259,528.

Science will not cure the world of its present sickness, but it can help power-
fully—It can fortify man’s critical spirit in an hour of deepest need. lIts orderly
approach to many material problems can be more widely extended. 1t has made
a spiritual contribution to living and thinking that grows more apparent the more
deeply men reflect upon it.

Issrtan Bowman.
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ANTENNA POWER DIVIDER

Reprinted from Electronics
By Earl Traws

Chief Engineer. Radio Station K V. E C San lLuis Obispo, California

Chart facilitates finding correct values of L and C jor any desired division
of currents in a two-element broadcast array, with constant phase shift and
constant resistive input.

SIMPLE power divider for a two-element broadcast antenna array can be built
from the basic circuit shown in Fig. 1. Here resistors R represent actual meas-
ured values of characteristic impedance for the two transmission lines and must be
equal, while L and C are variable and allow for any power division desired. As long
as the correct relalionships are maintained, the input impedance will be resistive and
of a constant value, and most important, the phase shift between lines will remain
constant. This means that the operator can vary tower current without having to
change phasing adjustments.

The required relationships are that X;X¢ always be equal to R2 and that
Z5/Z4 always be equal o the current ratio K, which is equal to the square root of
the power ratio.

By means of the chart in Fig. 2 it is possible to observe these relationships auto-
matically and find quickly the values of X, and X¢ for any current ratio desired.
The chart gives the cosine value for each series circuit. From this, the angle and its
tangent can be found in a trig table, and the reactance value of each branch com-
puted from X, = R tan 4 and Xz = R tan B. Knowing the operating frequency,
L and C are computed from L = X,/2xf and C = 1/2=/X;.

Usually it is hest to let cosine B be negative so that hranch B is capacitive. This
allows for smaller unils, hut the capacilor must withstand fairly high voltage. In

—
- 7 Lne s
ﬁ_i —_——

Fransmitter
putput
287 Vo
Ny
¢
Tr- tine 2
A 4 O 01 02 03 04 05 06 07 C8 0% 10
= = Cos A
Fig. 1. Basic power-dividing cir- Fig. 2. Cosine values for finding
cuit {above, with transmission L and C are at intersection ol
lines represented by R), and curve yith line for desired
actual circuit. current ratio.

Copyright 1944, McGraw-Hill Publishing Co.. Inc., 330 West 42nd St., N. Y. C.
(Electvonics, July 1944)
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the case of high power it might be belter 1o let cosine B he positive so ils circuit is
inductive. This will call for larger units, but the capacitor will not have to withstand
such high voltage.

Example: Operating frequency is 1000 ke, current ratio is 3/l and R is 230
ohms, For a current ratio of 3/1, the chart gives a value of 0.950 for cos A4, and u
trig table is then used to find tan 4 = 0.3284. Similarly, cos B = 0.312 and tan
B = 3.044. Substituting in X, = Rtan 4, X, = 230 X 0.3284 = 75.5] ohms.
Similarly, Xp equals 230 X 3.044 = 700 ohms. Allowing X to he capacitive,
C = 1/6.28 x 1,000,000 x 700 = 2275 puf. X, is then inductive, and L =
75.51/6.28 X 1,000,000 = 12 ph. The alternate solution with X, capacitive and
Xr inductive gives C = 0.0021 pf and L = 111.4 uh.

\ . ) >
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Fig. 3. Vector diagrams showing that input of circuit is wways constant amd resistive.

The vector diagrams in Fig. 3 cover three different current ratios. Note that
when the two current vectors are added in each case, their sum is always the same
and is along the reference axis. This shows that the input of this power-dividing
network is always resistive and of constant value.

AIR WORLD TIME NOW

After the war, the man in the street may go on the air-world time. The popular
medium-priced iwatch will have a 24-hour dial, as well as water proofing and a sweep
second hand.
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A NEW HIGH-SPEED CIRCUIT TESTER

Reprinted irom Radio Service Dealer
By A. Liebscher

This electronic indicator has time-saving features, plus safety operating
factors which prevent meter burnout . . . Random probers can he
“Irigger- happy.”

OW much time have you lost because you did not have a schematic diagram

on hand to indicate cable connections? And how many hours have you wasted be-
cause the nomenclature of a tube was effaced and you were not sure which socket
terminals had plate, filament or hias voltage? Has it heen trouble to be certain
of having the proper voltmeter range, polaritv and choice of AC or DC indication
before you dared touch a probe to questionalle points in a circuit? And what about
accidentally probing a high voltage contact, when you did not predetermine its
presence, only to see vour meler bang itself” off scale once more?

AMPHENOL or 2-WAY PHONE PLUG
AN
\

/4%’ us@
@ SHIELDED TEST LEAD

Rg. 10 MEG.
N

Fig. 14-1B

Well, the Electronic Indicator described in the circuit in Fig. 15 is noi de-
signed to be a cure-all. but is will o a long way in relieving your nerves and
conscience by making care-free random probing possible—~and what’s more, very
practical. With it vou can feel frec to be quite “trigger happy” without endangering
the life of your meter or causing damage to a hias cell.

Take any radio chassis or electronic control device, turn it upside down and
starl probing with this “magic” indicator. Yes, probe any point—plate, screen,
bias. a.v.c., power line output, oscillator erid, power transformer secondary and
all the rest—and vour answers will come rolling right along; positive dc, negative de,
AC, motorhoating, negative oscillator grid voltage. audio speech or music, etc.

Of course, there are limitations. The Indicator will not show actual voltage,
but it will differentiate between high, medium and low de voltage, (so you can tell
plate or screen from cathode and grid); in fact, von ean go a step further and

Copyright 1944, Cowan Publishing Corp.. 342 Madison Ave, N. Y. C.
(Radto Service Dealer, July 1944)
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identify the ac filament contacts—all without turning a knob or even changing a
pin plug.

Here’s how it works. First, the cathode bias resistor (R¢) is set to cause the
indicator 6E5 tube to illuminate 2/3 of its normal unbiased shadow angle, with
no input signal or external voltage upplied. (See Fig. 2).

Then the plate resistor (R,) is adjusted to cause the two edges of the illum-
inated portion of the indicator to contact each other without overlapping, with
a 6.3-volt, AC, 60-cycle signal applied to the input.

After these lwo ecasy calibrations have been made the interpretations of
various reflections are used to differentiate between AC (a-f) or de, relative de

voltage values; conlinuous audio or interrupted audio.
The application of a negative de voltage will close the eye within a range of

Normal adjustment of indicator. 1f no d-c, or a-c¢ or a-f
is present, the shudow angle will not change. It will
register as low as a half-volt.

Negative d-c is indicated by partial or complete closing
of shadow angle.

Positive d-c causes increased opening of shadow ungle.
Time to return to normal shows relative amount d-c.

A-¢ or a-f will produce deflection in positive und negative
directions, «nd can be identified by medium light inten-
sity over the deflection area.

Flickering in two directions shows iregulur u-f peaks; in
one direction, interrupted or pulsating d-c.
Figs. 2-A-B-C-D-E above.

approximately—1 10-—1000 volts. Voltages down to a half volt or less will be
indicated, although they may not De sufficient actually to close the eye.

Positive voltage applications up to 1000 volts will reverse the deflection,
causing the eye to open. We see here that a quick, safe and reliable indication of
polarity is obtainable even down to the smallest potential which will produce a
visible indication.

Examining Figure 1, you will note that the resistor (R;) and the capacitor
(C,), in series, will serve as a means of assuming a charge from an applied
dc voltage. This charge will slowly leak off due to the high resistance discharging
circuit through the 10 megohm input resistor (R;), which with R; remains to
discharge C; once the source of the applied voltage is disconnected. This discharge
rate for either positive or negative voltage will be in proportion to the applied
voltage, thus showing a slow return to the normal shadow angle when high voltage
is applied. The lower the voltage, then, the more rapid the return to normal

will be.

From the foregoing we have four§d how a negative voltage will cause the eye
to close and how a positive voltage will cause it to open more than normal. If we
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then apply an AC or audio voltage composed of aliernate positive and negative
peaks, the indicator deflection should show a swing in both directions. This is
exactly what happens and the eve shows a partial illumination over ils entire
deflection area with any voltage from approximately 4 volts r.ms. to 1000 volts,
r.m.s. The partial illumination is due to the “on” and “ofl” time of the a-c voltaze
swing in either direction. Audio frequencies between zero and 30 cycles will be
indicated by their flickering and amplitude repetition.

Speech and music can be defined by discontinuous flickering which in itsell
opens the way for using this indicator as an audio signal tracing device.

For high speed testing the old screw driver method can be revived, but this
time the brutal part of it is overcome because of the high resistance input of the
electronic indicator. You can quickly check for the presence of voltages where they
belong or for the presence of undesired voltages, hum or signals where they do

+ D.C.
MEDIUM VOLTAGE

- 0.C.
LOW VOLTAGE

A.F.
LOW VOLTAGE
(FLICKERING A.C.)

+ D.C.
HIGH VOLTAGE
{SLOW PETURN)

NO CHANGE

AC.
(GROUNDED)

+ D.C.
LOW VOLTAGE
(INSTANT RETURN)

NO CHANGE
(GROUNDED).

Figure 3
not belong.

In practical application it is easy to delect a leaky coupling capacitator with
an internal leakage resistance around 1 or 2 megohms by observing polarity indi-
cations while probing at the grid side of the capacitor.

After the ahove leakage test has been made, a further check on coupling cap-
acitors is a simple matter. By connecting a small capacitor, say of about .002 mjd.
in series with the probe the d.c. plate voltage will be hlocked, permitting only A.C
or audio voltage lo influence the Indicator. With this adaption the same a.f. indication
should be apparent at both ends of the capacitor; if it is not, the capacitor may
be open or grounded and consequenily useless.

Should vour problem involve intermiitent output, the indicator as modified
above, can be used as a higlh impedance monitor to test for the erratic action of
a capacitor over a period of time suflicient to produce such behavior. Once con-
nections are made for monitoring the signal through a suspicious part of any
defective device it is nol necessary lo touch anything until the normal course of events
have proven or disproven any questionable performance. Thus the problem of contact
shock-curing poor internal capacitor connections is eliminated.
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FIELD TESTING WITH EQUIPMENT LIMITATIONS

Reprinted from Communications
By Dr. Otto 1. Sinith

Director. Radio-Communications Engineering University of Denver

Testing Limitations

ANY times in field testing, an engineer finds himself in need of a measurement
for which the most appropriate equipment is not available. For example, one
may wish to measure the inductance, distributed capacity, and audio-{requency re-
sistance of an audio transformer or choke without access to an impedance bridge.
This can be done quite easily by the incremeutal-capacity method. All that is needed
is an oscillalor, vacuum-tuhe voltmeler or oscilloscope, and one standard capacitor
or inductance. A high impedance, about one-half megohm is placed in series with
the oscillator and the unknown coil. The oscilloscope (or vacuum-tube voltmeter)
is placed across the coil as a detector. The oscillator frequency is then adjusted until
the measured voltage is a maximum. This fundamental resonant frequency shall be
called f,. The frequencies ' and " on each side of resonance, at which the scope
trace drops to 0.7 of its maximum value, are measured. The standard condenser is
added in parallel with the coil, and the new resonant frequency, f;, which is con-
siderably lower, is also measured.

The distributed capacity of the coil is

f.?
C.= Cj )
£~ f.*

The inductance is

1 1 ( 1 1 )
L = =, _ = —
(ano)zc (27:)2(14 f‘\? fn:

The audio resistance is

fﬂ_f/
R=2zL({{"-{) = ——
2= CHs

C, 1s the standard capacity.

Since these {ormulas may be easily forgotien, one can remember how to derive
them when needed as follows:

At fundamental resonance

1
l=———
(2=1,)°C
With udded capacity
1

L=

2 7:7fx)2 (C+Cy)

Eliminating L,
fFC=(C+C))1°,

C = (C, &) /(5 - 1)

Copyright 1944, Bryan Davis Publishing Co., 19 East 47th St., N. Y. C.
(Communications. May 1944)
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From the 0.707 points of the resonance curve,

At - f

2Q 1, 21,

1

But

R f’/_i/
2=f,1. f,

R=2=zL ({"-1)

In case a known condenser is not available, a known inductance may be added
in parallel with the coil, and the resonant frequency will rise. In this case the
computations are:

L =1L,

(27)* L, ({7 -1%)

R = same as before.

This method is quite rapid, and the accuracy is very good if the change in
resonant frequency is large; for example, from about 12,000 cycles per second down
to a few hundred. For the usual audio coils, this can e accomplished with a con-
denser of about 0.01 or 0.1 mfd. If the coil has a fundamental resonant frequency
outside of the range of the oscillator, capacity may be added in parallel to drop the
resonant frequency. The computed capacity will now be the sum of that added and

the internal coil capacity.

For manv purposes, d-c saturating current must be present in the coil at the
time that the measurements of inductance are made. The d-c is blocked from the
oscillator with a condenser of salisfactory voltage raling. A second condenser is
used to isolate the scope or whatever meter is used for an indicator.

In radio-frequency measurements, the same procedure is followed as with
audio. Measurements on a tank circuit are made with the tuning condenser in
place. Best results are obtained with a standard condenser of over three times the

capacity of the tuning condenser.

It is easy to measure resonances that occur outside of the range of the oscil-
lator, by driving the circuit at subharmonic frequencies. In this case there is a res-
onant rise of voltage for one of the harmonic components of the applied voltage
wave. This produces an output wave distorled by one very prominent harmonic.
The actual resonant frequency is the oscillator setiing times the order of the
harmonic.

A common form of distarted amplifier output is shown in Figure 1. Tt has been
exaggerated for study purposes. This has a second harmonic with a phase as shown
in Figure 2. When the frequency is considerahly below second harmonic resonance,
both component voltages lead their respective currents by about 90°. This gives a
trace similar to the negative of Figure 4a. When the oscillator is set at one-half
resonant frequency, the fundamental voltage leads its current, and the second
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harmonic voltage is in phase with its current. The resultant trace is shown in
Figure 3.

Another form of distorted oscillator output is given in Figure 4, with the cor-
responding appearance at second harmonic resonance.

A third harmonic resonance curve is shown in Figure 5. It is possible to recog-
nize and measure higher harmonic resonances; however, it is much more diflicult
to obtain good accuracy. This method works best if the amplifier stage on the
oscillator is so driven as to distort appreciably.

A square-wave generator may be used with excellent results for the low odd
harmonics.

There are many good ways of checking the response of an audio amplifier. One
which we have found practical, uses an oscilloscope and an oscillator-driven square-
wave generator. It is possible to test with only two square-wave frequencies, 60
cycles and 10,000 cycles, but the interpretation of the results is slightly more in-
volved than with variable frequency. To determine the mid-frequency amplification,
the input signal, either sine wave or square wave, is fed to the oscilloscope vertical

N /N |
/\
}[[‘”&U = \ﬂ' \/ \//\\/}

Figures 1, 2, 3 (above), and 4 (top right)

| In Figure 1, extreme top, oscillator current
‘ output. Figure 2, center, harmonic components

l of current. Figure 3, the second harmonic
}/ \/\/j resonance voltage. In Figure 4, at top, oscil-

lator voltage; below, second harmonic
resonance,

deflection plates, and the output to the horizontal deflection plates. The deflections
are adjusted until the trace is a line making a 45° angle with the horizontal. (Vertical
delflection equals horizontal). The connections are now interchanged. The amplifica-
tion is the tangent of the angle of the scope trace. (Amplihication equals vertical
deflection divided by horizontal deflection).

If the amplification is over 10, the original adjustment is to make the horizontal
deflection equal 10 times the vertical deflection. After interchanging the connections.
the amplification will be calculated as 10 times the ratio of vertical to horizontal.

The cut-off values of high and low frequency for a multi-stage amplifier cor-
respond to the half-power frequencies of an individual stage. These can be quickly
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obtained with a square-wave input, and observation of the wave form of the output.
A square wave is a series of repeated transients, or sudden changes in voltage, and
the effect of this on capitances in the circuit is to charge and discharge them alter-
nately. The condenser voltuges will then follow a repeated logarithmic curve.
The high-frequency equivalent circuit of an amplifier is a high resistance in series
with a small grid-cathode or input-shunting capacitance. For intermediate frequen-
cies, this capacitance charges up so rapidly that its voltage seems to follow perfectly
the square wave. As the frequency is increased however, less time is allowed for
the condenser to charge and discharge, and instead of a square-wave output, a
series of repeated logarithms will be observed, Figure 6. In this Figure, the dotted
lines indicate the final values of voltage if more time were allowed. This is the
standard wave for the half-power frequency, where the fundamental component of
the square wave has heen shifted in phase 45° in going through the amplifier. Higher
harmonics have heen shified almost 90° and reduced considerably. For identification,
it will be noticed that the curve rises to 85% of the peak value (80% of its
asymptotic value) in one-half of the time allowed for charging. This is characteristic
only of the half-power frequency. This frequency can he read off the oscillator

dial.

The low-frequency equivalent circuit is again a condenser in series with a
resistance. This time the output voltage is across the grid-input resistance, so that the
output is proportional to the charging current to the coupling capacitor. At a

(a)

|
N

Figures 5 (above), 6 (right, top) and 7
Third harmonic resonance is shown in Figure
5. Square-wave input appears in 6a. In 6b,
voltage across the grid-cathode capacitance at
the high frequency half-power point. In Ta is
shown the mid-frequency output. The low fre-

gency half-power point is shown in Tb.

(b) ' | )

frequency at which the response is still good, the a-c voltage across the coupling
condenser never rises to a value large enough to materially oppose the charging
current. It is almost constant for each half-cycle, as shown in Figure 7a. If the
frequency is reduced, however, the time for each half-cycle is so long that the
condenser charges up and the charging current dies down to almost zero, Figure
7b. This is the standard wave for the low-frequency half-power value. It again
corresponds to a fundamental which has been shifted 45°. Its logarithm component
is identical to that in Figure 6b. The same criteria can be used to identify the
wave. Another quick method is to turn off the oscilloscope sweep circuit and one
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will see two heavy lines, Figure 7c. The length of each line is 9.5 times that of
the space between.

Care must be taken that only one amplifier stage is tested at a time. The
scope should be in the plate circuit, not across the grid, in order to minimize the
eflect of its input capacitance on the high frequency response. The oscilloscope
vertical amplifier may also introduce errors when testing above 100 kilocycles,
and may be turned off.

One can perform an overall test on the amplifier, but the output waves will
be different than those given here. I'or example, a three-stage amplifier in which
each stage has the same frequency response, can be tested al the half-power fre-
quency of one stage. This will correspond to the 14th power frequency for the
entire unit, and the output wave shape will be that given in Figure 8.

A commercial square-wave generator is the mosl convenient to nse, but it
is possible to perform these tests without one.

A square-wave generator may be built with two stages ol clipper circuits, but
in an emergency a one-tube amplifier does nicely. A grid leak of several megohms
is used and the input signal is large enough to saturate the tube on positive half-
evcles, and to cut-ofl on negative half-cycles. This is salisfactory in the audio range.

It is interesting to nole that all of these tests may be performed without the
use of any calibrated meters.

Figure 8. Output ar h-f Yg-power point

SPEED PENICILLIN PRODUCTION

Elecironic air cleaners which trap the smallest of dust particles—down fo
1/250.000th of an inch in diameter—are among means making possible the produc-
tion of penicillin.
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INTRODUCTION

N the following pages an account is given of a new method of permanently

adjusting the {requency of quartz oscillator-plates. The method is unique in
that the adjustment is effected by altering the atomic properties of the quartz itself,
without lapping or eiching the oscillator-plate, and the adjustment can be made, if
so desired, while the plate is oscillating in a holder. In the latter case, the frequency
change can be followed visually on a meter. The precision that can be attained is
limited only bv the accuracy of the frequency measuring equipment.

Briefly stated, when a BT quartz oscillator-plate is irradiated with x-rays, or
by certain other radiations, it gradually becomes smoky in color and at the same time
the oscillation frequency decreases. Similar effects are oblained with oscillator cuts

|
l_
|
i

Figure 1. Two views of a block of quartz one inch thick showing
the smoky coloration produced by a narrow beum of x-rays.

other than the BT, and with substances other than quartz, but the present discussion
will be limited to high frequency BT quartz plates. The total frequency change that
can be effected increases with increasing initial frequency of the plate, and can be
roughly estimated for a given frequency on the basis of a decrease of approximately
0.02% in the frequency-thickness constant of irradiated quartz. There is, however,
a considerable variation in response among different crystals of the same {requency;
in an unsensitized 8 magacycle plate the observed total response varies between 500
and 3000 cycles, with an average change of about 1400 cycles. The rate of change
of frequency is primarily determined by the intensitv and wavelength of the x-radia-
tion employed. The rate, like the lotal change, also increases with increasing initial
frequency of the plate. Rates now achieved in production in the Reeves plant average
about 40 cycles change per minute in 8 megacycle plates. A considerable increase
over this rate can be expected from Philips x-ray equivment designed for the purpose
that shortly will be placed on the market. The change in frequency on irradiation
is accompanied by little or no change in erystal activity.

The frequency change brought about by radiation can be reversed, and the
plate restored to its original frequency, by baking at temperatures over about 175°
Centigrade. The rate of reversal increases with increasing temperalure and is practi-
cally instantaneous above 400°C. lIrradiated plates have been found to be entirely
stable at temperatures below 175°C.

Some practical applications of the radiation technique also may be mentioned.
The fact that the frequency change is downwards from the original value permits
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the salvage of plates that have been overshot in frequency during manufacture,
provided that the desired frequency change is within the range of the radiation
technique. Similarly, plates that have gone over {requency due to ageing, re-cleaning,
or under-plating may be recovered. At the present writing, roughly 1000 over-
frequency plates are being recoved per week by x-rays in the Reeves plant. Another
advantage of the method arises in that the {requency of stabilized crystals can be
adjusted without disturbing the surface condition of the quartz. Plates can also be
finished to have a desired {requency at a specified temperature by irradiation to fre-
quency while held at that temperature. The greatest advantage of the method, however,
is that the frequency adjustment can be brought under continuous, visual, control by
oscillating the crvstal in the x-ray beam until it reaches the desired frequency and
then stopping the treatment. This can be accomplished while the crystal is mounted
in its permanent holder, if the latter is suitably designed, or in a temporary holder
so made as to permit entrance of the x-ray beam. Frequency adjustments of the
highest precision can be attained in this way. The irradiation-to-frequency technique
is of special advantage in the manufacture of ultra-high frequency plates, in the
range over 15 megacycles, since the conventional methods of finishing crystals
here become very difficult to control while the radiation technique, on the other
hand, is at its maximum power.

Much of the work so far done in the field has Leen of a qualitative nature in
which emphasis was placed on the immediate problem of handling a specific type
and frequency of oscillator-plate. Manv applications of the method still remain
to be explored. I'urther work will no doubt add greatly both to a knowledge of
the general principles involved and io the power of the method as a production tool.

MAGNITUDE OF CHANGE OF FREQUENCY IN BT CRYSTALS

HE rate of change of {requency of a quartz oscillator-plale during irradiation

is rapid at fOrst but then decreases and approuaches zero at saturation. At this
point there is no further change in frequency on continued exposure to the x-rays.
The total change of frequency that can be effected is variable and depends on a
number of factors. Among these are the type of cut of the plate, the treatment given
to the plate prior to irradiation, the kind of radiation employed, and the initial
frequencv, or thickness, of the plate itself. There also is a considerable variation
in response among different specimens of raw quartz and hence between different
plates of the same frequency cut therefrom. The time needed to effect saturation
appears to be constant for plates of a given frequency regardless of the total amount
of change provided that the conditions of irradiation are identical. The observed
variation in saturation value in 8000Kc, BT-cut, plates is roughly from 500 to 3000
cvcles decrease, with an average change of approximately 1400 cycles decrease.
These and other data mentioned on the following paces refer, unless so slated, to
quartz plates exposed to unfillered copper x-rays without special provision to in-
crease the effect by prior sensitization of the quartz or otherwise.

Production data illustrating the frequency spread observed in a run of 638
plates of 8007 Ke. frequency that had been irradiated only part of the way to satur-
ation are shown in Figure 2. The plates had been overshot a few hundred cycles or
so during manufacture and were irradiated enough to bring them back down below
the upper frequency tolerance. The frequency changes are shown on the graph as
rates. These rates are the slopes of the linear portion below the knee of the curves ob-
tained by graphing frequency change against the time of irradiation.

The average saturation value is a function of the initial frequency, or thickness,
of the plate and increases with increasing frequency. Preliminary measurements
indicate that the average change in BT plates of a particular frequency can be cal-
culated on the assumption that the frequency-thickness constant of irradiated quartz
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is less by some constant amount than in ordinary quartz. It is seen that the average
decrease in this constant is equivalent 1o a 1400 cycle average saturation value in an
8000 Kc plate. Using the relation:

Frequency in cycles = -k
Thickness of plate in
thousandths of an inch

where K for ordinary BT plates is~ 100 x 105 cycles per second per 0.001 inch, and
the plate thickness is constant, the value of Kt for irradiated quartz is found to be
99.9825 x 106. In Table 1, column 2, are given the corresponding total frequency

NUMBER OF PLATES

i

0 1040 5 5040 4010 7500 0% ® 1001 110

RATE OF CHANGE OF FREQUENCY IN
CYCLES PER SECOND PER MINUTE EXPOSURE

S

Figure 2. Observed variation in rate of change of frequency during

irradiation in 638 plates of 8007 Kc frequency. All plates were

irradiated for the sume length of time. The rutes refer to the initial

essentiallv linear portions of the jrequency change-exposure time
curves such as shown in Figures 3 and 4.

changes that can be eflected over the range of BT frequencies from 3 to 50 mega-
cycles. The table also includes total frequency changes over this range for values
of K’ equivalent to various saturation values up to 12 Ke plates.

Table 1. Averare Saluration values over the BT Range from 1 to 50 Megacyeles
Corresponding to a Stated Saturation Value in an 8000 Ke Plate.

AVERAGE SATURATION VALUE N CycLs 1nv 8000 K¢ PrLATES

Plate | _ . N
Freguancy 500~ 1400~ 2000~ 4000~ 8000~ 12,000~
4000 KC 250~ 700~ 1000~ 2000~ KOO~ 6000~
5000 315 875 1250 2500 5000 7500
6000 375 | 1050 1500 3000 6000 9000
7000 135 1225 1750 3300 7000 | 10500
8000 500 | 1100 2000 4000 8000 | 12000
9000 565 1575 2250 1500 9000 13500
10000 625 1750 2500 5000 10000 15000
15000 950 2035 1000 8000 | 15000 22500
20000 1250 35(0) 5000 10000 | 20000 30000
30000 1900 5250) 7500 15000 = 30000 45000
40000 2500 7000 10000 20000 40000 60000
50000 3150 8750 12500 25000 30000 75000
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A rough idea of the magnitude of the frequency change to he obtained between
different pieces of quartz can be gained from the luminescence phenomena described
in a later section and from the original color of the quartz. Generally speaking,
colorless quartz shows a wide variation from specimen to specimen in the degree of
response in color to radiation. On the other hand, deep smoky quartz and citrine-um.
formly show a relatively small response. Amethyst quartz is entirely unaflected. If
amethyst is first decolorized by baking, irradiation restores the amethystine color. Rose
quartz, which contains traces of titanium in solid solution, develops an extremely in-
tense, almost black, smoky color. Chalcedony is weakly affected by x-rays and alternate
bands in the mineral may become unequally colored. Opal is not affected. Tridymite,
an orthorhombic polymorph of SiO,, is deeply colored by x-rays.

The change in color and in frequency is a photoelectric eflect produced in the
quartz by the absorption of radiant energy. The effect is closely similar to the
blackening of silver halide photographic emulsions by x-rays or ordinary light.
The fluorescence and photochemical effects accompanying the absorption of ultra-
violet light also are related phenomena. The x-ray energy absorbed by the quartz
apparently is able not only to effect a momentary transfer of electrons from low
to higher levels, with accompanying fluorescence, but also to permanently eject
electrons from the atom. The alteration in the interatomic bonding forces thus brought
about is reflected by the variation in the elastic constants and, in turn, in the oscil-
lating characteristics of the irradiated plate.

RATE OF CHANGE OF FREQUENCY

THE principal factors influencing the rate of change of frequency during irradiation
are the intensity of the x-ray beam, the distance of the plate from the window
and anode of the x-ray tube, and the initial frequency of the plate itself.

Beam Intensity. The rate of change of frequency is found to be directly propor-
tional to the intensity of the x-ray beam. The beam intensity itself increases as the
square of the voltage and directly as the current passed. It may be noted that the
peak wavelength of the continuous radiation yielded by the tube decreases with
Increasing voltage so that there is an accompanying slight decrease in the percentage
absorption of the beam.

Using copper radiation {rom a tube operated at 25 ma and 60 KV, with a crystal
to window distance of approximately 1lmm, ordinary unsensitized 8 megacycle plates
can be changed in frequency on the average about 40 cycles a minute. At 20 ma and
40 KV on a slightly different type of tube an average rate was obtained of roughly

8065 Kc Plate

oTo0 25 ma, 60 KV

Clo 0 | 7570 Ke Plate
w Yo lzsma,onv
4 2 d=12 mm
\){ — 1
v bl - T B }
z -1500 v
ui
(%3
< 1200 —_—
& 7570 Ke Plate
3 500 25 ma, 40 KV
o) . d=12 mm -
z - T
% 600 = 8065 Kc Plate
o} ,/ o § ma, 20 KV
(=4
<300 L

i/

0o 17 9 37 T4 3 s 1 8 9 10
EXPOSURE TIME IN HOURS

Figure 3. Relation of frequency change to exposure time at various
x-ray heam intensities.
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18 cycles a minute; and at 4 ma and 20 KV on still another tube, a rate of about
5 cycles a minute. Changes of from 200 to 400 cvcles have been obtained in one
minute on tubes operated intermittently al 60 ma and 50 KV with the plate directly
on the window. If the quartz has been sensitized lefore irradiation, or other steps
taken to increase the response, these rates may be increased several-fold at the same
beam intensities. The nature of the curves obtained when the frequency change is
graphed azainst the time of irradiation is shown in Figure 3. The rates cited above
refer to the initial essentially linear parts of the curves.

If absorbing material is interposed between the window and the crystal the
rate of change of frequency is reduced due to diminution in intensity of the beam.
Wire suspension mounted crystals that are irradiated through their holders while
oscillating change much more slowly than when irradiated at the same window
distance and out of their holders. In such work every effort should be made to
reduce the thickness of the holder wall to a minimum and to use holder materials
that are relatively transparent to x-rays.

Plate to Window Distance. The distance of the plate from the window and
anode of the x-ray tube is one of the most important single factors in irradiating
oscillator-plates. Broadly speaking, a given frequency change produced in a few
minutes when the plate is 0.5 millimeters from the window will require an exposure
time of hours when the plate is 20 millimeters distant and an exposure of many days
at a distance of a foor. Measurements that further illustrate the effect are given in
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Figure 4. Effect of varving the distance of the plate from the

window of the x-ray tube, other experimentul conditions remaining

constant. 8416 Kc plates irradiated at 25 ma and 60 KV with

copper radiation.

FREQUENCY DECREASE

Figure 4. These curves were all obtained on the same plate, which was irradiated
successively al the various distances cited with the x-ray intensity kept constant. The
plate was reversed in [requency by baking at 300°C between each run. Although
the intensily of radiution drops ofl inversely as the square of the distance from
the source, it is found in the present instance that the time needed to eflect a given
[requency change decreases much more rapidly than would be expected from this
law as one closely approaches the window. This is in part due to the fact that the
x-rays are proceeding from a relatively broad area on the target and not from
a point source, and to the relatively high absorption of the longer, and more
effective, wave-lengths in the heam during their passage in the air alter emerging
from the window.

Plate Thickness. 1t has already been pointed oul that the average saturation
value increases with increasing frequency of the plate. The average rate at which
saturation is reached also is found to increase with increasing plate frequency
(or decreasing plate thickness) at constant intensily of the x-ray beam. The exact
relation is not know. The increase in rate with decreasing thickness appears to
be much more pronounced than the accompanying increase in saturation value.
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This presumably is due to the relatively strongly absorbed but weakly penetrating
long wave-length components of the incident heam, which, while they penentrate
to the same depth in a thin as in a thick plate, expose a larger percentage of the
total mass of quartz as the plate thickness decreases.

IRRADIATION OF STACKED PLATES
ABSORPTION OF X-RAYS

IF a thin quariz plate is placed in an x-ray beam, a test with a fluorescent screen
shows that a large part of the incident radiation is transmitted through the
crystal. The transmitted radiation is wasted, since only the alsorbed radiation can
produce frequency shift in the crystal. The efliciency of utilization of the x-ray
beam can be increased by stacking a number of plates one behind the other. All
of the incident heam can be absorbed if the stack is sufliciently thick. If a mono-
chromatic beam of x-rays is employed, the decrease in iulensily of the transmiited
beam, or absorption, in each ecrystal in the stack as weasured by an ionization
chamber is found to follow an exponential law. That is, the intensily of the trans-
mitted heam decreases by a constant percent in passing through each successive
crystal. For a given substance and a given wave-length of incident radiation the
linear absorption can be expressed quantitatively by the equation:

I =I,e™

where I, is the original intensity, / the inlensily after the beam has traversed a
thickness of ¢ centimelers of the absorhing substance, and p, the linear absorption
coellicient, is the experimentally measured reduction, per unit thickness, in the log
to the base e of the intensity. The coefficient n varies with the wave-length and the
nature of the irradiated substance. In order to avoid the variation in p with the
physical state of the absorber, the mass absorption coefficient is ordinarily em-
ployed in absorption studies. This constant expresses the reduction in intensity
by unit mass, rather than length, of the absorber, and is equal to the linear absorption
coeflicient divided by the density of the absorhing material. Tables of mass absorption
coeflicients for different substunces and for different wavelengths can be found in
X-Rays in Theory and Experiment by Compton and Allison, and the Handbook of
Chemistry and Physics. Some typical values are given in Table 2.

Table 2. Mass Absorption Coefficients, u/d.

Wave-Length in Angstroms
| -

Material 0.05 0200 0710 1539 1931 250

1

Beryllium [ 0160 | 0.315 1.60 3.05 6.1
Aluminum ]‘ 0.115 0.270 5.22 49.0 } 93.5 | 193

|
Iron 0.140 1.10 38.5 328 71.2 | 147

Copper 0155 | 159 510 | 509 962 | 197
Silver | | 540 a 25 | 27 05 o
Gold 085 | 440 120 |23 38 |
Lead 10 | 1.90 |l.36 230 428
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To illustrate the use of ahsorption coeflicients, suppose that it is desired to know
how much a lilm of silver 0.00025 mm = 0.00001 inch thick on a plated crystal
will reduce the intensity of a monochromatic beam of x-rays of wave-length 1.539
angstroms. The linear absorption coefficient is found to be 2278 by multiplying the
mass absorption coeflicient, 217, taken from Table 2. by the density of silver, 10.5.
Using the equation |)|mmusl_\ given we have

1 -2278 x 0.000025 cm -.057
—I =_'€ €

Using exponential tables, we obtain 1 = 0.948 Iy; or, the silver film absorbs about
5 percent of the incident radiation.

A rough idea of the relative absorbing powers of different substances in a
heleloﬂenf*ouc copper radiation can be gained {rom the data given in Table 3. The
numl)els give the precent Lransniissions of the x- rays, as compared to air = 100, when
sheets of the various snbstances cited are interposed in the beam. The measurements
were made with a Victoreen r-meter, on a copper tube under operaling conditions
affording a relatively large poroportion of the longer wave-lengths. The relative
transmissions have little quantitative significance except for tlle particular con-
ditions under which the measurements were made. The transparency to x-rays
of the bakelite was found to parralle! roughly the rate of diffusion of the water
vapor into the several holders.

Table 3. Relative Absorption of
Different Substances in Copper Radiation.

Relative Transmission

Substance Thickness on Basis of Air — 100
Cellophane 0.001 inch 93
Cardboard 0.0084 90
Gum rubber 0.017 85
Wood, sofl, white 0.123 34
Quartz ‘ 0.018 7.2
Glass, ordinary 0.062 19
Bakelite, holder A [ 0.097 21
Bakelite, holder B 0.083 12
Bakelite, holder C 0.088 13
Bakelite, holder D 0.086 8.6
Aluminum 0.0002 ! 83.2

” 0.0036 | 43

” 0.1225 0.16
Beryllium

(powder metallurgy) l 0.0577 a7
Copper l 0.034 0.01
Stainless steel 0.017 . 0.03
Zinc 0.007 0.23
Brass ‘ 0.0105 0.03
Nickel 0.00035 50.3
Phosphor bronze | 0.0055 E 0.22
|
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Knowing the mass absorption cocflicient for quartz for a particular monochro-
matic radiation, the frequency decrease to he oltained in successive crystals down
throug a stack could be caleulated approximately. An exact calculation cannot he
obtained because the coefficient w includes a number of different mechanisms by
which energy is removed from the incident beam, including scattering and various
types of photoelectric phenomena, and the separate contribution of these to the
frequency change is not known. Further, the x-rays ordinarily employed in irradiating
quartz are hererogeneous and composed of the several wave-lengths of characteristic
radiation superposed on a general background of continuous radiation. Since the
mass absorption coefficient varies with wave-length, frequency changes measured in
successive crvstals down through a stack varv markedly from an exponential law
due to the filtering action of the preceding plates. Fizure 5 shows the frequency
changes effected in unit time in twenty-one 8410 Ke plates stacked together. Three
indentified plates were measured in each position and the results averaged, thus
eliminating the inherent variation in degree of response between different plates.
Very similar curves are obtained by measuring the ahsorption of x-rays with an
tonization chamber in varying thicknesses of metal
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Figure 5. Frequency decrease in unit time through a stuck of 8416
Ke plates irrudigied at 15 ma and 40 KV with hetcrogeneous
copper radiation. 4 8416 Kc plate is 0.01188 inches thick.

Oscillator-plates can be used quite successfully as dosimeters or roentgen-meters
in measuring or comparing the intensity and quality of x-ray beams and in measuring
the ionizing equivalents of v-rays to other kinds of radiation.

STABILITY OF IRRADIATED OSCILLATOR-PI.ATES

RRADIATED quartz decolorizes and reverts back to the original frequency when

heated to a sufficiently high temperature. The change is a time-temperature re-
action and is similar in this to the decolorization of natural smokv quartz. No
frequency changes have Leen observed in irradiated crystals stahilized by baking
and deep etching before irradialion and kept on time test for periods over six
months al room temperature and for periods of wecks at lemperalures up to about
170° Centigrade. Repeated cycling over the range of —55° to 4-90° has not heen
found to affect the stability. In the neighborhood of 170° to 180°C a true reversal of
frequency begins which is extremely slow and requires a period of weeks for
completion. The rate of reversal increases rapidly with increasing temperature.
In the range from 210° to 230°C complete reversal requires a few hours, and at
350° to 100°C a few inutes. Over 450°C the change is almost instantaneous.
The reversal in frequency is accompanied hoth by a discharge of the smoky color
and by a pale bluish thermoluminescence. The maximum temperature at which
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the color of natural smoky quartz is stable is about 225°C, and the rate of change,
as with artificially: colored crystals, increases rapidly with increasing temperature.
The decolorization in this case is not accompanied by any change in frequency.

The increase in requency hrought about by baking is found to be exactly the
same as the initial decrease brought about by irvradiation. This is true, however,
only if the plate hus heen stabilized before irradiation and does not undergo an
added increase in {requency due to ageing when it is laier baked. Stahilized crystals
can be cycled downwards by irradiation and uwpwards by baking indelinitely by
the same amount of frequency il the conditions of irradiation and baking are exactly
duplicated. Variations in the conditions of rveversal by baking, including the
temperature at which the crystal is baked, and the rate of cooling, may markedly
influence the bebavior of the crystal on re-irradiation. This matter is of first impor-
tance if the oscillator-plate is to be used as an x-ray dosimeter, as a standard in
absorption measurments, or in other ways where the response of the crysial must
be identical in successive tests.

A powerful beam of ultraviolet light from a quariz-mercury ave also is found to
reverse the color and frequency of irradiated plates. The change takes place more
rapidly if the plate is heated to 100° . 150°C during the exposure. Exposure to
ordinary sunlight is without elflect.

The action of heat and of ultraviolet light in reversing the frequency change
brought about Iy x-rays offers the possibility of adjusting the frequency or irradiated
crystals on the upgrade. Thus, crystals overshot by x-rays on the downgrade could
be recovered, or crystals could be deliberately overshot in hulk by a very powerful
and relatively cheap source of radiation and then individually adjusted upwards
to the desired frequency by heat or ultraviolei. Mounied crystals could be oscillated
to frequency by heat in this way, but only if the holder did not contain plastic
or soldered parts which would be aftected by the degree of heat necessary. Adjustinent
by ultvaviolet light requires that the evystal be directly exposed to the beam, since the
ordinary holder materials ave opaque to the uliraviolet wave-lengths.

AREA OF PLATE SENSITIVE TO RADIATION

NLY part of the total avea of a BT crystal has to be irradiated in order to gain
the maximum [requency shift. The exact percent of this area apparently
decreases with the gross edge dimensions of the crystal. In 6450 Kc plales measuring
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Figure 6. Relution between frequency decrease and the urea of
the plate irradinied or gold couted by cathodic sputtering.

0.75 x 0.75 inch it was found that onlv about 0% of the total area had to be
irradiated for maximum results, as shown in Figure 0. Frequency changes of 100
cveles or so can be obtained even when the irradiated area is less than 1 percent of
the whole. In these experiments the irradiated areas were circular and were
centrally located in the crystal. The observations tie in with the well known fact
that the corners of shear mode rectangular plates are relatively inactive during
oscillation.
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A similar relation obtains with plated erystals, whether rectangular or circular.
Only a relatively small part of the central portion of the crystal has to be plated
to gain maximum frequency decrease by loading, as shown in Figure 6. The percent
of sensitive area is in general close to those found in irradiation by X-rays.

COLOR DISTRIBUTION PHENOMENA IN [RRADIATE]) CRYSTALS

HEN a quartz plate is irradiated the color response usually is uniform over
the exposed area. Lvenly irradiated plates sometimes develop, however, an ir-
regular distribution of the smoky clor within the plate itself. Alternating light and
dark smoky bands up to Imm. or more in width may he developed across the plate,
and sets of bands intersecting al more or less definite angles may be present. Some
extreme examples of color banding are shown in Figure 7. The bands are found

Figure 7. Muarked examples of color banding developed in oscil-

lator-plates by x-rays. Left, plates before irradiation; right, after

exposure to x-rays. All of the plates were cut from the same
rough quartz crystal.

to be arranged parallel to the external prism or rhombohedral faces of the mother
crystal and are identical in arrangement with the ordinary color bands commonly
seen in natural smoky quartz crystals. When natural quartz containing smoky bhands
is irradiated the colorless parts hecome relatively deeply pigmented. When banded
natural quartz is decolovized by haking and then irradiated, the original relatively
light colored parts again are more deeply aflected hy the x-rays. Color bands also
may develop in entirely colorless and water clear quartz. Instead of bands, some
specimens develop irregular or polygonal smoky ureas. The sensitizing factor in the
quartz apparently depends on the growth historv of the mother crvstal.

A further tvpe of variation in color is found in twinned quartz. It is olten
observed that the two paris of an electrically twinned (Dauphine) quartz crystal
become unequally colored when a hroad beam ol x-rays is allowed to fall across
the twin boundary. The eflect is not due to the difference in orientation in the two
parts of the twin, and can not he used to identify the usable patt of a twinned BT
wafer. Diiferential coloration is not produced in quartz that has besn twinned arti-
ficially by heat or pressure. On the other hand, differentially colored naturally
twinned crystals that have been artiticially detwinned by heat inversion, and at
the same time decolovized, are fonnd on re-irradiation to become again diflerentially
colored along what was the original twin houndary. Optical (Brazil) twins also
are differentially colored by radiation. Occusionally natural smoky erystals of quartz
are observed .in which the color is limited against twin boundaries.

LUMINESCENCE PHENOMENA
INTERESTING luminescence phenomena are shown Dby both natural quartz and
irradiated quartz. These may be hriefly mentioned here becauseof their relations
to the frequency change hrought about by radiation. Natural quartz when heated
in the dark often exhibits a pale bluish-while thermoluminescence. The luminescence
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begins at a rather low temperature and after increasing in intensily with increasing
temperature to about 300 10 400°C gradually dies out. Once the luminescence has
been discharged, it docs not recur on reheating. The intensity of the luminescence
varies widely in different specimens of quartz, and sometimes is found to be confined
to particular growth bands or puarts of the mother crvstal. The effect is relatively
weak ov absent in smoky quartz as compared to colorless quartz owever, branded
smoky and colorless sections of quartz always are relalively more affected by
wrays in the colorless regions whether these parts are thermoluminescent or not.
[hermoluminescence does not appear to he as intimately connected with the frequency
eflect as is the original color. There appears to be no significant diff~rence ‘in the
frequency-thickness constant of natural thermoluminescent and non-thermoliumines-
cent quarlz.

Irradiated quartz always is thermoluminescent on heating. The luminescence is
confined to the irradiated area. The luminescence hegins at a lower temperature than
in natural quartz, below 100°C, and the intensity is considerablv greater. The glow
is not accompanied by a change in frequency or in the smoky color at temperatures
below the 170° 10 180°C stability limit previously describad. In an irradiated plate
the thermoliminescence may persist after the quartz has been heated to a temperature
at which the frequency and smokv color are discharged.

Quartz exhibits a bluish-white fluorescence during irradiation with X-Tays.
The samples also phosphoresce briefly after exposure. The intensity of the fluores-
cence varies considerably in different specimens. A relativly intense glow appears
to be met with in malerial that is not thermoluminescent and that has an original
smoky color. It is usually found that the more intense the fluorescence the less

intense is the total response in frequency and in smoky eolor produced by the
radiation.

ETCIHING RATE OF IRRADIATED CRYSTALS

I a quartz plate is irvadiated through a lead shield pierced with a small hole,

so that there is a sharply defined simokyv area produced on the quariz, and the
plate is then very deeply etched with a solvenl for quartz il is found that the
iradiated avea is less allected and appears on the surface of the plate as a slight
eminence. In other words, the rate of solution of irradiated quartz is less than in
ordinary quartz. 'the difference in rate is not sufficiently large to be measured
by comparing the etching rvate in eveles change per minute of nradiated and non-
irradiated plates over an eiching period of 40 or 50 Ke. It is also found under
certain nol ecasily reproducible etching conditions that sawn and lapped sections
or finished plates of ordinary non-radialed quartz sometimes become differentially
etched along parallel bands or zones. Crystals with alternately banded smoky
and colorless portions may show marked effects of this kind. The behavior reflects
a local variation in the properties of the quartz itsclf, possibly of the nature of
an impurity content.

SENSITIZATION OF QUARTZ TO RADIATION

N oscillator-plate that has been baked at an elevated temperature is found when

subsequently irradiated to change frequency more rapidly. The increase in rate
brought about by baking between 250° and 350°C ranges up to two-fold, and there is
an accompanying increase in the total frequency change. The temperature to which
the plate is heated and the rate of cooling, together with the nature of the atmosphere
in which the baking is done, all influence the sensilization. The field is heing
explored ar the present writing and a tnll account can not vet be given.
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X-RAY EQUIPMENT FOR IRRADIATING OSCILLATOR-PLATES

WHILE almost any tyvpe of x-rav unit can be used to demanstrate the effect, the
successful application of the micthod on a mass production scale requires more
or less special equipment. The ordinary x-rav tube used for crystallographic or
medical purposes is not well suited for irradiation of oscillator-plates for several
reasons. Of these, the mosl 1important 1= the narrowness of the x-rav beam at the
window, as fixed by the sharpness of focus on the anode and by the anode screen.
Usually the eniergent beuur has an area of only a few square millimeters and it is
then necessary to bhack awav from the window until the divergence in the heam
is suflicient to cover the sensitive area of the oscillatoc-plate. This is undesirable
because the intensity of the radiation drops off roughlv as the inverse square of
the distance from the anede and the exposure times: are increased accordingly.
The importance of getting the plate as close as possible Lo the window, preferably
within a fraction of a millimeter, must be stressed. It is also desirable, since the
rate of chunge of frequency varies directly with the intensity of the beam. other
conditions rvemaining fixed, that the x-rav output of the tube be as large as is
possible within the practical limits set bv cost and tube design. Generallv speaking,
the x-ray output of the several types of v-ray equipment now employed in the
quartz oscillator industry for purposes of crvstal orientation is too small to give
practical rates of change. Nevertheless, rates up to L0 cyeles or so change a
minute in high frequency plates can be altained with this equipment if the crystal
to window distance is kept at a minimum.

Engineers of the North American Philips Co., Inc., have closely followed the
development of the radiation technique in the Reeves Laboratory, and have de-
signed an x-rav tube and holder for the specilic purpose of irradiating quartz.
This equipment will shortly be available to the quartz oscillator industry through
a Signal Corps equipment pool. It is hoped that other manufacturers as well will
make equipment available. The Philips tube is designed to operate continuously
at somewhat above 25ma and OOKv, with a copper target, and should afford a
frequency change of roughly 50 (\(l% a minute, on the average, in unsensitized
8 megacvcle |)L1hs The f()(,d] spol of the tuhe has heen enlarged ‘m(I other details of
construction adjusted so as 1o give & heam approximately one-half inch in diameter
at the window. The tube, which is water cooled, has two windows which are each
fitted with a shielded holder in which plates may be oscilluted during irradiation.
The electronic equipment necessary to oscillate the plate in the holder is not supplied
with the tube. The holder is constructed and shielded in such a way as to permit
plates to be introduced and removed withont danger to the operator while the
tube is running.

Tungsten tubes operated at 150 to 1000 KV appear to be of little or no practi-
cal use for the industrial radiation of quartz. The principal ohjection is the extreme
penetration—and low absorption—of their radiation. Their high cost, inability to
run continuously over long periods, and the dangers and inconvenience of operation
under plant conditions are added factors. It must be borne in mind in this connection
that-only the radiation absorbed in the cryvstal produces a frequency change, and
in this choice of wave-length. and the relation of wave- length to the thickness of
the plate, is an important Tactor. Quantitative absorption measurements with single
9 megacycle plates indicate that a greater effect is obtained with Cu than W mdlatlon
at the same tube voltage, and the d(lVdnta"e increases with increasing voltage. This
is due to the greater quantity of soft radiation emittcd by the Cu target. Once
the soft radiation is filtered out, as in very thick low frequency plates or in stacked
high frequency plates, the advantage is with the W tube hecause of the greater

x-ray oulput at the same voltage lhan with Cu.
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METHODS OF IRRADIATING OSCILLATOR-PLATES

PECIAL attention should be paid to the following general matters in irradiated

quartz crystals. Several have been discussed in greater detail in preceding
seclions.

1. The crvstal must be placed as close as possible to the window of the x-ray
tube, preferably within distance of one-hall millimeter.

2. The x-ray beam should be made as intense as possible, since the photo-
electric response of the quartz appears to be directly proportional thereto.

3. The wave-length of the x-rays employed should be so selected as to yield
maximum absorption in the total thickness of the quartz plate being irradiated. For
example, soft x-rays are strongly absorbed and are relatively eflicient in producing
ionization, but their penetrating power is low and hence they may not penetrate
through a thick crystal. On the other hand, hard x-rays penetrate deeply but their
absorption and ionizing power is relatively low and hence the greater part of the
energy in the x-rav heam might be transmitted throngh a relatively thin crystal.
Considering the vuarious factors involved, including the practicalities of tube
design and flexibility of application, copper radiation appears to be best for general
wse. Radiation of a longer wave-length and hence more easily absorbed, such as
from Fe, Co, Cr, Mn, or Ti target, would be especially suited for very high frequency
plates, of a thickness of 0.008 inch or less. Thick low frequency plates may perhaps
best be irradiated with a. more penetrating radiation, such as from a tungsten
tube operated at from 40 to 80 KV, but sufficient experimental data is nol yet at
hand to decide this matter.

4. Toreign material such as metal, glass, or plastic sheets should no! be
placed in front of the crystal during irradiation since this will absorh part of the
incident radiation, especially the relativelv effective soft components, and thereby
slow down the change in the quartz. X\-rays used in irradiating oscillator-plates
should not be filtered. If the crystal is irradiated while in a bakelite or other
holder or if it is oscillaled in a special holder on the tube during irradiation,
every effort must be made to keep the shielding material as transparent to x-rays as
possible, hoth by controlling the thickness and the composition of the material.
Plastics, thin Al or Be foil, and very thin Cu foil are relativelv transparent to
copper x-rays. Metals such as iron or lead are relatively opaque to x-rays,
even in thin sheets, and x-ray beams ol the inlensitv described here can not
penetrale through the steel electrodes used in clamp type holders.

5. Advantage should be taken of the fact that quartz crystals can be markedly
sensitized 1o the effect of x-rays by prior baking to 300°C 10 570°C. Baking also
is advantageous because of the stabilizing effect it has on the crystal. Note that
one former objection to the haking of crvsials, thal of an erratic increase in fre-
quency which often brought the plate out of tolerance, is readily overcome by
the irradiation method without destroying the stability of the plate. Attention
should also be given to methods of increasing the efficiency of the radiation by
coaling ot bhacking up the crystal with a highly scaitering melal or substance. The
plate that immediately supports the erystals in the irradiation jig should be made
of nickel, since this metal will give the maximum amount of back-scatlering in
copper radiation.

6. X-rays are dangerous and every care mnst be taken to shield the operator both
from direct and scattered radiation. lrradiation jigs should be completely shielded
by lead sheets not less than Imm in thickness.

7. Quartz crystals may acquire a static electric charge during irradiation, es-
pecially if they are placed directly in contact with the window, and thereby may
attract particles of dust to their surface. This dust can be blown ofl with compressed
air—a much easier procedure than trying to remove the stalic charge. Under cer-
tain conditions the metal parts of water cooled tubes may sweat and moisture may
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deposit on the surfuce of the crystals. This can be overcome by proper design of
the irradiation jig and the tube housing.

8. Silver plated crystals may darken during irradiation if ozone is developed
in the x-ray tube housing. The ozone can be eliminated by proper insulation and
shielding of the high temsion therchy preventing corona und flash-overs. Gold,
nickel and aluminum plated crystals have been observed to be affected in this way.

9. The x-ray beam where it hits the crystal should be large enough in cross
seclion lo completely cover the critical area. In most 1ypes of shear mode plates,
as has been pointed out, less than 50% of the total area of the crystals has to be
irradiated 10 gain maximum effect.

Frequency Adjustment of Unmounted, Non-Oscillating, Crystals. In this method
the crystal is not oscillated during the exposure to the x-rays. The method is primarily
applicable 1o crystals in which the frequency has merely to be reduced helow a cer-
tain tolerance and a precise adjustment is not desired. This situation is commonly
met with in the case of crystals: (a) that have been overshot in frequency during
the final finishing, or that have been underplated; (h) that have increased in
frequency over tolerance due (o ageing; (c) or that have gone over tolerance
after cleaning, baking, or other treatment to effect stabilization. In order to gain
full advantage of the irradiation technique, it may be advantazeous to readjust the
finishing tolerances used in production, so that the percent of undershot crystals is
reduced with a corresponding increase in the percent of over-frequency crystals.

In practice, the crystal {requency is measured, the amount of reduction in
frequency needed to get helow the tolerance caleulated, and the crystal is exposed
to the radiation for the required time. The exposure time is estitnated from graphs
previously prepured which show the average rate of change of {requency with time
for crystals ol dillerent frequencies, snch as given in Figure 1. There is a significant
variation in the degree of response ol different crysials of the same frequency as
already pointed out, so that it may be necessary in the case of crvstals that respond
much less than average to run them again after the first irradiation. 11 is usually
found advantageous in the case of reruns 1o turn the crystal so that the original
back surface is in {ront. This trick is also of advantage when relatively large fre-
quency changes arve to be eflected and in irradiating low frequency plates. The
benefit iz derived lrom the fact that the front side is quickly saturated in a thin
surface layer bv the sofi. weakly penetrating, components of the incident Leam
leaving the rearward portions of the quartz plate less affected and hence relatively
more responsive when the crystal is turned over.

Figure 8 Figure 9

Figure 8. Philips x-ray unit with un experimental jig used in adjusting the
frequency of unmounted oscillator plates. The brass slides position the plate in
the x-ray beam inside the rayproof lead container.

Figure 9. Close-up view of the track und slides used to position the plate in

front of the x-ray window. When the stide is pushed tnto position, « micro-

switch automatically turns on the x-ray beam. The separate suitches on the two

slides are connected in series. Water and power connections to the x-ray tube
are enclosed within the metal tube casting.
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A photograph of an irradiation unit used in production in the Reeves plant
is shown in Figures 8 and 9. This unit is being used at the present time to recover
finished crystals that have gone over frequency tolerances during finishing or baking.
Several hundred crvstals are handled per eight hour shifi. The crystal is held on
a brass slide which runs in a track frame attached to the tube housing. The crystal is
positioned in the middle of the beam by stops and just grazes the window. The
end of the slides engage & microswitch which turns the tube on and oft as the slides
are individually entered and removed. Other types of jigs have been experimented
with in which the tube is left runming constantly hut in this case extrenie care must be
taken lo ensure that the operator is entirely shielded from scattered radiation while
the crvstals are being changed.

Another technique that is of value under certain circumstances consists of
stacking a number of crystals in front of the window and irradiating alt simultan-
eously. This results in a much more eflicient use of the incident x-rays. The theory
of the method has leen described in a preceding section. This technique becomes
especially useful in extremely high frequencies. Efforts to devise an irradiation
jig in which the first crystal is periodically peeled off and the rest of the stack
pushed forward automatically have been hindered by the development of strong
static charges which cause the crystals to adhere tightly. VMechanical dificulties also
are encountered in handling very thin crystals.

Frequency Adjustment of Mounted Oscillating, Crystals. A great advantage of
the irradiation technique is that it affords a method of adjusting a crystal exactly to
a desired frequency. This is accomplished by oscillating the crystal during irradiation
and following the frequency change on a meter. Irvadiation is stopped when the
frequency reaches the desired value. Full advantage of the method is gained only
if the crystal can be irradiated while mounted within its permanent holder. This
requires a wire suspension or clip mounting in which the major portion of the
crystal is not shielded by heavy metal parts. Crystals mounted between contact (pres-
sure) electrodes can not be irradiated directly hecause the metal parts shield off
the x-ray beam. In such cases, it is necessary to measure the erystal beforehand
and determine the amount of frequency change desired, then transferring the
erystal to a special jig in which it can be oscillated and irradiated simultaneously,
and finally replacing in the original holder after the desired change is effected.

Tt may be pointed oul that i the crvstal is irradiated to frequency the accuracy
that can he obtained depends primarily on the measuring equipment. Lack of
stability in the meters can cause variations avound the true {requency. Adjustment
of the iradiated crystal to zero beat against a standard erystal on a metered com-
parison oscillator js inadvisable since the meters usually hecome markedly unstable
as the two [requencies approach zero difference. The variation in frequency accom-
panying irradiation also can he picked up on an Esterline-Angus vecorder ‘but here
again recognizance must be made of Tag and instability in the meters,

It is also quite within the realm of possibility to effect entirely automatic
controls by which the mounted crvstals can be introduced into the x-rav beam.
irradiated to frequency, and then removed for another crvstal. Still other advantages
can be takzn of the irradiation-to-frequency technique, among them, the opportunity
1o adjust a crystal to have a specilic Irequency at a given temperature. This can be
realized by healing or cooling the cryvstal 1o the desired temperature during irradia-
tion. The cooling should be so arranged as to prevent the condensation of moisture
on the surface of the crystal with a consequent decrease in frequency due to
mechanical lToading. Auy formation of frost on the crysial or elsewhere in the path
of the direct beam will reduce the intensity of the x-rave by absorption.

A simple and effective ‘method for irradiating wire sospension mounted crystals
is to fasten the holder to the tube housing flush with the window with a s'pring
clamp or bit of adhesive tape. Short leads are brought down from the holder pins to
the oscillator on which the frequency change is followed. The crystal inside the
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holder can be centered in the bean by turning the tube on and directly observing the
shadow of the crystal with a sheet of Paterson B fluorescent screen. Guides to position
the holder in the beam can be fastened to the tube housing. The material composing
the holder itsell absorbs a proportion of the incident radiation and the frequency
change is thereby slowed. Bukelite is relatively transparent to x-rays. Metal and
glass holders are very much less transparent than hakelite for equal thicknesses.
The composition of the glass is an important factor, and the ahsorption increases
rapidly with increasing content of Ca, Ba, or other heavy elements. Some experi-
mental data for the absorption of x-rays by various materials are given in Tables
2 and 3. The irradiation time always can be cut down by removing the holder case
and exposing the mounted crystal directly to the x-rays. If the crystal is silver-plated,
however, tarnishing elfects mav be encountered in this case; these are avoided if

the holder is kept closed.

An experimental type of irradiation jig used at present in oscillating loose
crystals, or crystals transferred from clamp type holders, during irradiation is
shown in figure 10. A greatly improved model is being supplied with the Philips Ir-
radiation Unit. The crvstal is placed hetween 1wo electirodes huilt into the insulated

g

Figure 0. Experimental jig used to oscillate plates during irradia-
tion with x-ruys. The plate is inserted between the proper sized
electrodes at the top opening and the inner frame is then rotated
into the botiom position where it enters the x-ruy beam und makes
connection with the oscillator. The tube runs continuously and the
jig is internally shielded to cut off all scattered radiation.

Six such electrode positions, made 1o accomodate crystals ol three different
sizes, are available. The crystal is loaded into one of the electrode positions through
the opening at the top and is then rotated into the bottom position where it makes
contact with the oscillator. The jig is altached to the x-ray tube so that the outer
electrode at the bottom position directly faces the window of the x-ray tube The
outer electrode facing the window is made of a thin but stiff piece of Be or Al foil
so as to allow transmission of the x-ray beam through the elecirode to the crystal
without a large loss of intensity by absorption. Care must be taken that this outer
electrode is thin so as to cut down absorption as much as possible hut not so thin
as to warp or bend readily. This may happen if the crystal or foil acquires a static
charge during irradiation and by attracting or repelling the flexible electrode will
alter the air gap and thereby the crystal frequency. Alternatively, an electrode
with a hole drilled through it of suficient size to expose the sensitive part of the

<
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crystal may be employed. It may be necessary to drive the crystal in such a case.
The jig is so shielded internally that the x-ray tube can be operated continuously and
erystals are loaded and removed without exposing the operator to radiation.

Plated crystals present a somewhat special and mwre favorable case since air
gap eflects are lacking. I’lated crystals can be conveniently irradiated by clamping
against a heavy electrode that has been drilled throngh so as to expose the center,
critical, portion of the underlying crystal.

EFIFECT OF RADIATIONS OTHER THAN X-RAYS

NUMBER of ditferent kinds of radiation have been found that cause color and

frequencv changes in quartz. These include hoth radiations of the wave type,
more parlicularly x-rays and gamma rays, and streams of material particles, in-
cluding alpha-particles, electrons (hoth cathode rays and beta-radiation from radio-
active decay) and deuterons. Neatrons and radiations in the wave spectrum of wav-
length longer than x-rays have not been found to pigment or reduce the frequency of
previously untreated quartz oscillator-plates. Some of the eflective radiations,
especially the alpha, beta, and gamma radiations aflorded by radicactive decay,
and cathode rays, have long been known to effect color changes in quartz and many
other substances, but the accompanying change in the elastic constants hitherto.
has gone unnoticed. Of the eflective radialions, x-rays are the only practical choice
for mannfacturing operations although the radioactive radiations have in certain
circumstances a definite application.

Deuterons, which are donbly charged nuclei ol heavy hydrogen (deuterium)
atoms, are found to be highly effective in producing frequency changes in quartz,
but inasmuch as they require a cyclotron for their production they are not likely
to come into general use. Cathode rays also are relatively effective, but the very
limited penetration into quartz of free electrons projected with any practical voltage
would limit their use to plates of extremely high frequency. Powerful electron-gun
monntings, while desirable in theory, appear to be too expensive and too highly
specialized to be more than ressarch laboratory insivuments.

FREQUENCY ADJUSTMENT WITH RADON
ADON, a gas formerly known as radium emanation, is one of the radioaclive
decay products proceeding from uwranium and radium and ultimately ending
in the 206 isotope ol lead (see Table 4). The members of the series, with the ex-
ception of the end-product, lead, are unstable and transform one into the next at
definite rates. The transformation is accompanied by the emission of radiation, either

l'able 4. Decay Products of Radium.

Atomic Decav Constant \ Half-life |
Substance Weight } per sec. | Period | Emission
|
Radiom | 226 138 x 1011 | 1690 years | alpha
Radon 222 2007x106 | 3.825 days [ alpha
Radium A 218 3.97 x10-3 3.0 minutes | alpha
Radium B 21| 43l x 104 26.8 minutes | beta, gamma
Radium C 214 | 586 x104 19.7 minutes beta, gamma
Radium €’ 214 | 106 | 10 seconds I alpha
Radium C” 210 ’ 875 x 103 1.32 minutes beta, gamma
Radinm D 210 1.0 x109 25 years beta. gamma
Radium B 210 1.61 x 1076 5 days . Dbeta, gamma
Radiom ¥ 210 573 x 1078 | 130 days | alpha
Radiunnn G 206 stable none
(lead) , \ '
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alpha particles or beta particles plus gamma rays, as noted in Table 4. These radi-
ations, more particularly the gamma rays. are utilized in therapeutics and industrial
radiography and also can he applied to the irradiation of quartz oscillator-plates.

Radon itself emits only alpha particles, but the freshly prepared gas progres-
sively disinlegrates into RaA, RaB, etc., all present simultaneously in a state of
transiemt equilibrium, and some of these contrilbute beta and gamma radiation.
Because of the long half life period of RaD), 25 years, and the extremely short life
of the products between radon and Ral), the lengih of time in which a radon
preparation can be used as a practical source of radiation is fixed by the decay
constant of radon itself. The decay of radon is exponential, and can be expressed

N = Npe M

where N is the number of relative units of radon (aloms, or millicuries) which survive
alter a time 1, Ny the number eriginally present at time zero, and A is a constant
(=2.097 x 10-6 for radon) indicating the rate of disintegration. Roughly about 16.5.
percent of the activity of radon, as measured by its gamma output after transient
equilibrium is reached, is lost each 24 hours. Hall intensity is veached in 3.625 days
and ouly about 0.4 percent of the initial activity remains after 30 days. ‘The total
amount or intensity of the radiation delivered by a given quantity of radon is
convenienlly expressed by the number of millicurie-honrs delivered. The millicurie
is the standard of meuasure of radon, und represents the amount of radon in radio-
active equilibrium with 1 milligram of vadium element. The millicurie-hour output
can be calenlated from the arca under the curve of the decay cquation. Table 5
gives the millicurie-honr output of one millicurie over selected times up 1o 30 days.

Table 5. Decay of Radon.

(Giving the percent remaining, and number of millicurie-hours of radiation afforded,
il the original strength at time zero is one millicurie)

Percent  Millicurie-Hours Percent  Millicurie-Hours

Time Remaining Afforded | Time Remaining Afforded

0 100 0 Days [lrs.

5 hours 90.29 4.94 2 20 59.82 53.42
10 92.72 9.62 3 0 58.05 55.80
15 389.29 1.1.25 |4 0 18.42 68.60
20 85.98 18.64 5 0 10.143 79.30
24 83.42 22.08 6 0 33.70 38.40

1 day 5 hrs. 30.32 26.18 7 0 28.11 95.78

1 10 77.35 30.15 10 0 16.32 111.4

1 15 74.48 33.98 20 0 2.66 129.4

1 20 71.72 37.60 30 0 0.4 132.7

2 0 69.59 40.45 complete 0.0 133.3

2 10 64.52 47.12

Method. In using radon to adjust frequency, the plates are sealed in a hollow
lead container in direct contact with the gas where they are acted upon by the alpha,
beta and gamma radiationsproceeding therefrom. The walls of the container should
be at least one inch thick to guard against the gamma rays. Ordinarily the container
is opened and the crystals removed while a considerable portion of the original
radon charge still remains. This operation should be done in a hood under strong
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ventilation. After irradiation the crystals should be allowed to stand for 30 minutes or
more hefore handling so that the activity of the solid radioactive decomposition
products on their surface has time to diminish to a negligible value. Care also must be
taken in loading the lead container with radon. The gas is supplied in capl]lary
glass tubes a centimeter or so long sealed within Idléer glass tubes which in turn
are housed in a lead bottle. The radon tube should bhe Immllul with long tweezers
The lead irradiation container should be so aranged as to permit bledl\mv the radon
tube within it after sealing. If the capillary is not broken the glass walls cut off the
alpha and most of the l)(,la radiation.

The character of the frequency change effected by radon is Hlustrated in Figures
11 and 12. The data were obtained from 8163 Ke crystals mounted bv wire sus-
penilon within the container so that they could be oscillated and measured therein
while in contact with the gas. The volume of the container was roughly 57 cc. Tt
may be noted that different (,Ivﬁtdk of the same frequency respond unl'qnd]l\ on
irradiation with radon, just as with x- rays,
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Figure 11. Relation between frequency change and exposure time in metal

plated 8163 Kc wire suspension type oscillator-plates directly exposed to radon.

Plates 1 and 2 exposed to 46.7 millicuries of radon, 3 and 4 to 11.0 millicuries,

in a contuiner of 57 cc volume (see also Figure 12). The total frequency change
that can be brought about by x-rays in these plates is over 2 Kc.

Figure 12, Curves showing the data of Figure 11 computed on the basis of the
millicurie-hours of radiation to which the plares were exposed.

The curves obtained by plotting the [requency change against time of exposure
or millicurie-hour exposure differ {rom the <-rav curves, tvpified by Figures 3 and
4, in several respects. The radon enrves full into two pavts: an initial period of rapid
change which comprises only part of the total frequency change that can be effected,
followed by a slow and relatively uniform change that apparently continues to
saturation. The initial rapid change seems cansed by stronglv ionizing radiations
of only limited penetration in quartz which rapidly saturate a certain thickness
and therealter are inelfective. These radiations would comprise the alpha and beta
particles. The period of slow uniform change apparently represents jonization by
the extremely penetrating it verv weakly absorbed ganma radiation. It is also
found that the magnitude of the initial bump in the curve increases with increasing
concentration of the radon. This effect seciningly is due to an increase in the average
penetrating power of the radiation. The increase may arise in the shorter average pdlh
distance of the radiation in the air of the eontainer as the radon concentration in-
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creases, with consequent less loss of energy by absorption and scatiering before
entering the quartaz.

Theoretically, the time rate of change of frequency should vary in proportion
to the concentration of radon, and the millicurie-hour rate of change in plates of a
given {requency should be constant and independent of concentration. There are
rather marked departures from this due to intrinsic variations in the response of
different specimens of quartz and to the penetration effeel noted ahove. The ave rage
millicurie-hour rate of chunge of frequency calculated from the limited data at
hand is roughly 2.26 cycles per me-hr in 8163 Kc plates. The rate was calculated
on the basis of the initial, linear, part of the frequency curves.

The advantage of the radon method is that a large number of plates can be
equally and simultaneously irradiated. This can be accomplished by racking the
plates in the container. The unit cost is proportional 1o the number of plates, since
the same amount of radon will suffice for one as for many plates, within certain
limits, if the gas volume is kept constant by appropriate desizn of the rack and
container. This is due to the fact that only a small part of the available radiation
is utilized in any case. The principal factors that determine the application of the
method are the cost of the radon (roughly $1.00 a millicurie), the total number of plates
to be irradiated, the average amount of frequency change desired, and the time
in which the frequency change must he effected. The two latter factors lix the amount
of radon that must be employed. The actual estimation of this amount requires a
knowledge of the relation between radon concentration and both the average amount
of frequencv change and the average time rate of change of frequency. These two
factors are not independent, as noted, and their relation to radon concentration
varies with the frequency of the plate. The amount of radon required, the exposure
time, and the accompanying total average frequency chanee can be calculated
directly if any one of these factors is known and if the millicurie-hour rate of change
of frequency has been previously established for the crystal frequency in question
and the container in question.

For example, it is desired to kuow how much radon is needed 1o effect an
average change of 500 cycles in 24 hours in 8163 Ke plates, under the experimental
conditions previously described. The total number of wmillicurie-hours of radon
required is 500 = 221, where 2.26 is the experimentallv established millicurie-hour

2.26

rate of change of frequency in 8103 Ke crvstals. Using Table 5, it is found that 1
millicurie of radon affords 22.08 millicurie-hours of radiation in 21 hours, so that
a total charge of 10 millicuries is needed to vield 221 millicurie-hours in the same
time. The total cost is roughly $10.00, and the unit cost depends on the number
of plates run simultaneously. The cost could be reduced by increasing the time of
irradiation, thus necessitating less radon for the initial charge, but a practical
limit is set in this by the relation between total frequency change and the amount of
radon used. In general, for small numbers of plates and for frequency changes
that must be effected in a very short time the cost of radon treatment is much ereater
than that of the x-ray method. ‘
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